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NONEQUILIBRIUM RADIATION AND CHEMISTRY MODELS FOR
AEROCAPTURE VEHICLE FLOWFIELDS

I. Introduction

This report will attempt to concisely summarize the activites and
accomplishments associated with NASA Grant NAG-1-1003. The project started on
June 7, 1989 and officially terminated on December 31, 1993. Total funding for the
project was $209,909, and all grant funds were essentially expended by August 31,
1993. The project also received financial support from the Aerospace Engineering
Department in the form of Graduate Assistantship funds and faculty salary support.
Also, an integral member of the research team, Dr. Thomas Gally, was supported
most of the time by a Graduate Student Researchers Fellowship from the NASA
Johnson Space Center. Finally, significant moral and technical support was
provided by many individuals at NASA Langley Research Center. As a result of all
of these contributions, significant accomplishments were achieved by the project;
and these are summarized below.

Il. Personnel
The individuals who have been associated with the project are as follows:

Leland A. Carlson, Professor of Aerospace Engineering -- Dr. Carlson served
as the principal investigator for the project. At various times, Dr. Carlson was
partially supported by the project.

Thomas A. Gally, Graduate Research Assistant and Visiting Assistant
Professor — Dr. Gally joined the project at its inception and was associated with it
throughout. During the project, he earned his Ph.D. degree using research
associated with the project for his dissertation. Dr. Gally was the primary
researcher on the project and developed, among other items, the three temperature
radiatively coupled nonequilibrium viscous shock layer (VSL) code, the
nonequilibrium molecular and radiation models, and the full multi-component
diffusion model. Dr. Gally was supported by a Graduate Student Researchers'
Fellowship from the NASA Johnson Space Center and by the Department of
Aerospace Engineering.

Derek Green, Graduate Research Assistant —- Mr. Green was on the project
during his masters' thesis research. His research primarily concerned the
development of the MCVD vibrational dissociation coupling mode! for the VSL code.
Mr. Green was funded by the project during his masters' studies.

Scott A. Stanley, Graduate Research Assistant — Mr. Stanley was on the
project during his masters' thesis research. His research primarily concerned the
development of a precursor model and a study of the effects of the pre-shock
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precursor on the shock structure. Mr. Stanley was funded by the project during his
masters' studies.

Rajeev Koteshwar, Graduate Research Assistant —- Mr. Koteshwar used the
codes and models developed by the project to study the effects of different
vibrational relaxation and chemical reaction models on the flow about a vehicle
entering the Martian atmosphere and used the results for his masters' research. Mr.
Koteshwar was funded by the Department of Aerospace Engineering.

David Mott, Graduate Research Assistant - Mr. Mott developed as part of his
masters' research a viscous normal shock version of the radiatively coupled
nonequilibrium VSL code. He also developed methods for determining the radiative
emission normal to the flow axis in the region behind the shock wave including the
effects of absorption and compared his predictions with shock tube data. Thus, his

work served to validate the present VSL codes. Mr. Mott was funded by an

American Society for Engineering Education -- Office of Naval Research Graduate
Fellowship.

David McGough, Graduate Research Assistant -- Mr. McGough developed as
part of his masters' research a preferential vibration dissociation coupling model
and incorporated it into the nonequilibrium radiation coupled VSL code. He also
developed a version which included and computed separate vibrational
temperatures for the various diatomic species. Mr. McGough was funded by the
project during his masters' studies.

lll. Accomplishments
The primary accomplishments of the project were as follows:

1. From an overall standpoint, the primary accomplishment of this research was
the development of a complete gasdynamic-radiatively coupled nonequilibrium
viscous shock layer solution method for axisymmetric blunt bodies. . This method
can be used for rapid engineering modeling of nonequilibrium re-entry flowfields
over a wide range of conditions. The model includes thermal nonequilibrium thru
the inclusion of separate translational-rotational, vibrational, and electron-electronic
energy models and temperatures, chemical nonequilibrium in a multi-temperature
environment, multi-component multi-temperature diffusion, coupled nonequilibrium
radiation that includes in detail emission and absorption phenomena and local

thermodynamic nonequilibrium (LTNE) effects, shock slip, viscous and conduction -

effects, and partially catalytic walls. The overall model constitutes a significant
advancement in the engineering modeling of nonequilibrium re-entry flowfields.

2. Another significant accomplishment was the development of an air radiation -

model that included LTNE phenomena. While this model was based upon a reliable
radiation model for equilibrium flows, it was modified to include chemical
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nonequilibrium, multi-temperature effects, and local thermodynamic nonequilibrium.
For atomic LTNE phenomena, first and second order models were developed; and
new excitation and ionization rates for the electron impact ionization of nitrogen and
oxygen atoms were derived. These two atomic LTNE mddels are significant
because atomic radiative phenomena is dominant during earth re-entry from
Lunar-Mars missions. LTNE effects were also included for molecular radiation by
incorporating appropriate excitation effects into the molecular model. Studies with
these models demonstrated that on a blunt body LTNE effects are significant in the
nonequilibrium zone immediately behind the shock front and are also important in
the viscous-conduction layer near the wall. They also showed that excited levels in
the immediate post-shock zone are usually depleted, which tends to reduce wall
radiative heating and reduce radiative cooling phenomena, while those in the region
near the wall are often over populated. The studies also indicated that with
currently accepted excitation rates, the N3(1-) radiation is theoretically relatively
unaffected by LTNE. The second order atomic LTNE model consistently showed a
higher level of atomic line radiation, indicating that the first order assumption of full
equilibrium between the excited states and the ions and electrons is approximate.
However, the usage of the excitation rates developed for the second order model in
the first order model yielded acceptable engineering results.

3. As part of this research, three electron-electronic energy models were
developed. The first was a quasi-equilibrium electron (QEE) model which
determined an effective free electron temperature and assumed that the electronic
states were in equilibrium with the free electrons. The second was a
quasi-equilibrium electron-electronic (QEEE) model which computed an effective
electron-electronic temperature. These two models are algebraic models and
served to delineate the importance of electron-electronic energy in both the
chemical and radiative nonequilibrium phenomena; and their "simplicity" may be
useful in some cases. The third model was a full electron-electronic (FEE)
differential equation model which included convective, collisional, viscous,
conductive, vibrational coupling, and chemical effects on electron-electronic energy.
This complete model is recommended for general usage and is the one used in
most of the results reported by this project.

4. Since vibration-dissociation coupling phenomena as well as vibrational
thermal nonequilibrium phenomena are important in the nonequilibrium zone behind
a shock front, a vibrational energy and vibration-dissociation coupling model was
developed and included in the flowfield model. This model was a modified coupled
vibrational dissociation vibrational (MCVDV) model and also included
electron-vibrational coupling. The "usual" version of this model uses a single
vibrational temperature and is nonpreferential in that it assumes that dissociation
will occur with an equal probability from all vibrational energy levels, given a
sufficiently energetic collision. This model determines the effective dissociation rate -
based upon local multi-temperature phenomena and chemical composition from a
consistent theoretical derivation. Since there has always been a belief that given a
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sufficient energetic collision, dissociation should occur with a higher probability from
higher energy levels, a preferential model was also developed. In addition, a
multi-vibrational temperature model allowing separate vibrational temperatures and
vibrational energy models for each diatomic species was developed and studied.
As will be discussed below, surprisingly, the MCVDV nonpreferential model with a
single vibrational temperature yielded the best agreement with flight experiments.

5. Another accomplishment of the project was the usage of the developed
models to investigate radiative heating. Radiative heating and radiative coupling
phenomena over a wide range of conditions were investigated, and the regions
where such phenomena is important were determined. These studies identified for
various entry conditions the spectral origin of the radiative phenomena as a function
of vehicle size, flight velocity, and altitude. The studies also examined the effects of
partially catalytic, non-catalytic, and fully catalytic wall phenomena and the
absorption effects associated with the cool wall thermal layer. Details are presented

in the various pubhcatrons associated with the project.

6. A multi-component diffusion model which properly models the
multi-component nature of diffusion in complex gas mixtures such as air, was
developed and incorporated into the blunt body model. Interestingly, comparison of
results calculated for both nitrogen and air freestreams using both this new model
and a simple multicomponent binary gas model showed that the differences were
not significant for the conditions considered. Since the calculations with the new
model are more complicated and intense, it was concluded that the simpler model
was adequate and should be used for most engineering analyses.

7. A model was developed to predict the magnitude and characteristics of the
shock wave precursor ahead of vehicles entering the Earth's atmosphere. This
model included chemical and thermal nonequilibrium, utilized detailed mass

production rates for the photodissociation and photoionization reactions, and.

accounted for the effects of radiative absorption and emission on the individual
internal energy modes of both atomic and diatomic species. Comparjson of results
with shock tube data indicated that the model was reasonably accurate. Studies
indicated that there is a significant production of atoms, ions, and electrons ahead
of the shock front due to radiative absorption and that the precursor is characterized
by an enhanced electron-electronic temperature and molecular ionization.
However, the studies also showed that the precursor has a negligible effect on the
shock layer flowfield. - -

8. Since considerable data exists for radiating nonequilibrium flow behind
‘normal shock waves, a normal shock wave version of the blunt body code was
developed. This one-dimensional model included chemical, thermal, and local
thermodynamic nonequilibrium_as well as viscous and thermal conduction

phenomena. It also included axial radiative cooling, ‘and methods were developed
for predicting the total and spectral variation of radiation which would be measured
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normal to the flow direction. These methods included appropriate filter functions.
Predicted spectral radiation intensity, spectrally integrated intensity traces, time to
peak radiation, and ionization time data for shocks in air between 9.6 km/sec and
12.6 km/sec agreed reasonably well with available experimental data. Reproduction
of the experimental data was best achieved when integrated values over broad
frequency bands were considered and when the details concerning the
experimental measurements, particularly the filters used, were known. The
characteristics of the experimental radiation measurements were reproduced
without adding iron contamination to the radiation model.

9. By comparing predictions from the models and codes with available normal
shock data and the flight data of Fire II, it is believed that the developed flowfield
and nonequilibrium radiation models have been essentially validated for
engineering applications. Based upon these studies, it appears that the usage of
reduced absorption coefficients for N5(1-) and N2(1+,2+) bands is warranted and
that little if any vibrational preferential phenomena exist. While some uncertainties
still exist in the radiative phenomena associated with some molecular species and
the modeling of excited atomic states could possibly benefit from either multiple
electron temperatures or additional grouping of excited states, the present model
appears to be adequate for many engineering calculations.

IV. Progress in the Last Six Months

During the last six months, the primary research effort was in finishing the
normal shock studies and the vibrational modeling and dissociation studies. While
these two efforts are detailed in the masters' theses of David Mott and David
McGough, they will be summarized briefly here. Copies of the theses of Mr. Mott
and Mr. McGough will be sent under separate cover. '

Normal Shock Studies

During this reporting period, the normal shock version of the code was
completed and results obtained with it were compared with available shock tube
data. Figs. 1-9 compare calculated intensity traces with those measured by Wilson
in his shock tube experiments. Wilson used spectral filters in his measurements,
and these were included in the calculated data. However, since the source of
observed radiation originates from different spectral regions during the equilibrium
zone than during the nonequilibrium post-shock region, the scale associated with
the experimental data is different for the two zones. Hence, the comparisons are
shown in two forms for the 5000 A° data. The first is plotted to match the
nonequiibrium peak while the second is plotted to match the equilibrium intensity
level. In the 5000 A cases, the time to peak and the behavior of the immediate post
shock calculated traces agree well with the experimental results. In addition, the
changing character and shape of the traces with shock velocity is well reproduced
by the theoretical results. The IR results also show reasonably good agreement.
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Notice that the theoretical results also predict in most cases the measured
increases and decreases observed in the “"equilibrium” zones. These variations
have in the past been attributed to shock attenuation in the experiment. However,
in most cases, no such significant shock attenuation was ever detected in the
experiments.  Since the present theoretical results do not include any shock
attenuation and since the agreement is good, it is concluded that these downstream
intensity variations are a radiative-gasdynamic phenomena and not due to
variations in shock speed.

Some previous computatlons have attempted to obtaln good correlatlon W|th
Wilson's data by assuming that Wilson's aluminum shock tube was contaminated
with iron.  In the present case, by basing a frequency weighting function on the

spectral response curves of the filters used in the ‘experiment, the 5000 A intensities

exhibit the secondary effects without including iron as a radiator. It should be noted
that all data used in the comparisons is, based upon the experimental traces,
obviously before the arrival of the driver gas and diaphragm contamination. Thus, it
appears that the variations in the experimental traces could be due to the filters
used in the experiment rather than flowfield contamination. - :

Figures 10 and 11 compare the present predictions with experimental data for
time to peak radiation and ionization distances for various shock speeds and
conditions. As can be seen, the present radiation model predicts the trends and the

magnitudes of these quantities quite well.

Figures 12-16 compare the spectral variation of the predicted flows and those
measured experimentally by Avco and by Sharma. For the Avco data, Figs. 12-14,
while the overall agreement and trends is good, the present model does appear to
overpredict the radiative intensity in the 2.5-4 eV regime. This overprediction for
this regime is consistent with previous comparison of the blunt body model results
with the FIRE Il flight data and lends support to the need to reduce the absorption
coefficients of the dominant radiators in that region, primarily N3(1-). The Sharma
nonequilibrium data, Fig. 15, also indicates that perhaps the present model slightly
overpredicts the radiation in this region. It also indicates some radiation from the 2
eV to 2.5eV region that is not predicted by the present model.

On the other hand, the Sharma equilibrium data, Fig. 16, and the calculated
profiles exhibit similar behavior, including the effect of atomic lines, although the
Sharma data may predict slightly higher intensities. In this case, while the
calculated detailed profiles are below the experimental points in the 1.75-2.25 eV ,
the grouped intensities show good agreement with the experimental values.
Nevertheless, it appears that the region between 1.75 eV and 2. eV may require
further study and that the radiation model could benefit from some improvements in
this region. It also appears that the radiation originating in the 2 - 4 eV range could
be refined in the model.
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However, in spite of these two minor points, the overall agreement between the
normal shock predictions based upon the present flowfield and radiation model is
quite good; and it indicates that the present models should be adequate for
engineering computations. -

Vibration-Dissociation Studies

In the last progress report, it was shown that there was little evidence, based
upon comparison with the Fire [l flight data, that vibrational preferentiality existed.
Further, since the above normal shock computations reproduced times to peak and
relaxation distances, which are very sensitivity to preferentiality, and since those
computations did not use the preferential vibrational model, it is believed that the
nonpreferential MCVDV model is probably adequate for engineering studies. It was
also demonstrated in the last report that slightly better agreement could be obtained
with the Fire 1l data using reduced absorption coefficients for N3(1-) and N2(1+,2+)
radiation. Thus, during this reporting period, the effort concentrated on examining
the effect of using multiple vibrational temperatures instead of a single vibrational
temperature to represent vibrational energy. Results were obtained for the
nonpreferential MCVDV single vibrational temperature model for Fire Il conditions
from 1634 to 1640.5 seconds while multiple vibrational temperatures were obtained
from 1634 to 1639 seconds.

Typical multiple vibrational temperature resuits are shown on Figures 17 and 18.
While these results include vibrational-dissociation coupling and electron-vibration
coupling as appropriate, they do not include vibration-vibration coupling. Since V-V
coupling would tend to equilibrate the vibrational temperatures among themselves,
the present results should exhibit the greatest possible effects due to muitiple
vibrational temperatures and energies. As shown on the figures, the vibrational
temperatures for N, NO,NO*, and O3 rapidly equilibrate with the translational
rotational temperature. Since these species are formed by atom-atom collisions
and by particle exchange rather than ionization of the diatomic molecules, this resuit
is not surprising. Also, as known from experimental data, the O2 vibrational energy
equilibrates faster than N,. Further, due to electron-vibrational coupling the N,
vibrational temperature is almost always very close to the electron temperature.

Examination of the radiative heat transfer reveals that the multiple vibrational
temperature reults predict radiative heating loads for the nonequilibrium portion of
the Fire Il profile in the 2-4 eV and 0 - 6.2 eV range above those obtained with
single vibrational temperature results. Since the values predicted by the single
vibrational temperature model are slightly above the Fire |l data, these comparisons
indicate the single vibrational temperature model should be adequate for
engineering purposes, particularly considering the extra computational work
required to compute and handle multiple vibrational temperatures. -



Figures 19-20 summarize the comparisons of the present models with the Fire [I
flight data. In general, the overall agreement and trends are reasonably good. In
particular, it appears that the present model using reduced absorption coefficients
and a single vibrational temperature with the MCVDV model reasonably predicts the
radiation in the 2- 4 eV range. Also, since the total heating is predicted quite well, it
is believed that the atomic radiation model, which primarily influences the region
above 6.2 eV is also reasonably accurate. However, there is some disagreement
for the predictions in the 0 - 6.2 eV range, with the calculated values being slightly
low at the higher times. This trend in theoretical results has also been observed by
other investigators. Since the higher times are for essentially equilibrium flowfields
and since the equilibrium portion of the present radiation model was extensively
verified in the past against incident and reflected shock tube data by its developers,
the present discrepancy at the higher times may be due to some other explanation.
Since Fire 1l is a single experiment, this difference probably will not be explained
until further flight experiments are conducted.

Based upon these results and upon the normal shock results, it is believed that
the present nonequilibrium radiation and chemistry model is reasonably accurate
and suitable for engineering use. As further experimental data becomes available,
_the present model could, of course, be refined and improved.
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V. Publications and Degrees

The following degrees were earned at Texas A&M University by individuals
associated with this research project: '

Stanley, Scott A., Master of Science (Aerospace Engineering), December 1990.
Green, Derek S., Master of Science (Aerospace Engineering), May 1991.
Koteshwar, Rajeev, Master of Science (Aerospace Engineering), May 1992.
Gally, Thomas A., Doctor of Philosophy (Aerospace Engineering), May 1992.
McGough, David E., Master of Science (Aerospace Engineering), December
1Sagl\:jl.ott, David R., Master of Science (Aerospace Engineering), December 1993.

The following publications resulted from research associated with this project:

Carlson, L. A. and Gally, T. A., "The Effect of Electron Temperature and Impact
lonization on Martian Return AOTV Flowfields," AIAA Paper 89-1729, June 1989.

Stanley, S. A., "The Effects of Shock Wave Precursors Ahead of Hypersonic
Entry Vehicles," Master of Science Thesis, Aerospace Engineering Department,
Texas A&M University, College Station, Texasr, December 1990.

Carlson, L. A. and Gally, T. A, "Effect of Electron Temperature and Impact
lonization on Martian Return AOTV Flowfields," Journal of Thermophysics and
Heat Transfer, VVol. 5, No. 1, January 1991, pp. 9-20.

 Carlson, L. A. and Gally, T. A.] "Nonequilibrium Chemical and Radiation
Coupling Phenomena in AOTV Flowfields," AIAA Paper 91-0569, January 1991.

Green, D. S., "A Comparative Study of Vibrational Relaxation Models for the
Aeroassisted Orbital Transfer Vehicie Flight Regime," Master of Science Thesis,
Aerospace Engineering Department, Texas A&M University, College Station, Texas,
May 1991.

Gally, T. A, Carlson, L. A., and Green, D., "A Flowfield Coupled Excitation and
Radiation Model for Nonequilibrium Reacting Flows," AIAA Paper 91-1463, June
1991.

Stanley, S. A. and Carlson, L. A., "The Effects of Shock Wave Precursors Ahead
of Hypersonic Entry Vehicles," AIAA Paper 91-1465, June 1991.
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Stanley, S. A. and Carlsen L A, "Effeetrs of Shoek Wave Precursors Ahead of
Hypersonic Entry Vehicles," Journal of Spacecraft and Rockets Vol. 29, No. 2,
March—Aprrl 1992, pp. 190-197.

Koteshwar, R., "A Comparative Study of Vibrational Relaxation and Chemical
Reaction Models for the Martian Entry Vehicle," Master of Science Thesis,
Aerospace Engineering Department Texas A&M University, College Station, Texas,
May 1992.

Gally, T. A., "Development of Engineering Methods for Nonequilibrium Radiative
Phenomena about Aeroassisted Entry Vehicles," Doctor of Philosophy Dissertation,
Aerospace Engineering Department, Texas A&M University, College Station, Texas,
May 1992.

Gally, T. A. and Carlson, L. A, "An Approximate Local Thermodynamic
Nonequilibrium Radiation Model for Air,"” AIAA Paper 92-2972, July 1992.

Carison, L. A. and Gally, T. A., "Nonequilibrium Chemical and Radiation
Coupling, Part I: Theory and Models,” Journal of Thermophysics and Heat
Transfer, Vol. 6, No. 3, July-September 1992, pp. 385-391.

Gally, T. A and Carlson, L. A, "Nonequilibrium Chemical and Radiation

Coupling, Part Il: Results for AOTV Vehlcles " Journal of Thermophysics and -

Heat Transfer, Vol. 6, No. 3 July September 1992 pp. 391-399.

Gally, T. A, Carlson L A., and Green, D "Flowt” eld Coupled Excitation and
Radiation Model for Nonequrlubrlum Reacting Flows " Journal of Thermophysics
and Heat Transfer, Vol. 7, No. 2, April-June 1993, pp. 285-293.

Gally, T. A. and Carlson, L. A., "Survey of Nonequilibrium Re- Entry Heatrng for
Entry Flight Conditions," AIAA Paper 93-3230, July 1993.

McGough, D. E., Carlson, L. A, and Gally, T. A, "A Preferential Vibration
Dissociation Coupling Model for Nonequilibrium Flowfields," AIAA Paper 93-3197,
July 1993.

McGough, D. E., "A Preferential Vibration Dissociation Coupling Model for

Nonequilibrium Hypersonic Flowfields," Master of Science Thesis, Aerospace

Engineering Department, Texas A&M University, College Station, Texas, December
1993.

Mott, D. R., "Normal Shock Solutions to the Viscous Shock Layer Equations -

Including Thermal, Chemical, Thermodynamic, and Radiative Nonequilibrium,"
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Master of Science Thesis, Aerospace Engineering Department, Texas A&M
University, College Station, Texas, December 1993.

Mott, D. R., Gally, T. A., and Carlson, L. A., "Viscous Normal Shock Solutions
Including Thermal, Chemical, and Radiative Nonequilibrium," AIAA Paper 94-2415,
June 1994, :

Stanley, S. A. and Carlson, L. A, "Complete Radiative Terms for the
Electron-Electronic Energy Equation," Journal of Spacecraft and Rockets, (to be
published), 1994.
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The Effect of Electron Temperature and Impact Ionization on
Martian Return AOTYV Flowfields

Leland A. Carlson*
and
Thomas A. Gally**

Texas A&M University
College Station, Texas

Abstract

Various electronimpact ionization models in conjunction
with a quasi-equilibrium electron lemperature model have been
investigated and applied to the stagnationregionofa hypothetical
23 m nose radius Martian return AOTV. For the conditions
considered, U = 12 kmisec at 80 km, both multi-temperature
inviscid and viscous results indicate that a two-step fonization
impact model predicts ionization distances in agreement with
experimental data, that nonequilibrium chemistry and radiation
effects are important throughout the stagnation zone, and that
the quasi-equilibriumelectron temperalure model is reasonable.
Also, using a non-grey emission-absorptionradiationstep model,
it is shown that nonequilibrium causes a reduction in radiative
heating from that predicted for equilibrium conditions and that
compared to an adiabatic wall a cool wall (1650°K) resultsin a
28 10 45% reduction in radiative heating due to absorption near
the wall.

___ Intoduction

In the future, various space programs will be conducted
which will require the efficient return of large payloads to low
earth orbit (LEO) from missions to the moon or planets like
Mars. To accomplish this task, the return vehicles will utilize
aerocapture techniques that will involve reentry and deceleration
at high altitudes; and in order to design these vehicles, a thorough
understanding of the physical phenomena will be required.
Because of the high altitudes associated with aerocapture, the
vehicle flowfields will be dominated by chemical, thermal, and
radiative nonequilibrium phenomena which in many cases have
not been extensively studied since the Apollo era!. Recently, as
a result of the Aeroassisted Flight Experiment (AFE) program,
results have been presented for acrocapture flowfieldsinthe 7.5 -
10 kn/secrange?~7; and these have demonstrated the importance
of nonequilibrium phenomenain this flight regime.

However, for a Martian return vehicle, the minimum
nominal earth entry velocity is approximately 12 km/sec; and
the vehicle might be required under certain conditions to be able
to operate and survive at earth eniry speeds up 1o 16 km/sec®.
At these higher velocities, the nonequilibrium phenomena will
be different that those associated with the AFE vehicle. In
the stagnation region, for example, nonequilibrium should
be dominated by electron impact ionization processes instead
of dissociation reactions, extensive thermal nonequilibrium
invovling at least three temperatures (heavy particle, vibrational,
and electron) will exist, and the radiative heat wansfer may be
significantly affected by local thermodynamic nonequilibrium

*  Professor Aerospace Engineering, Associate Fellow AIAA
#% Research Assistant, Student Member ATAA

Copyright © American Institute of Aeronautics and
Astronautics, Inc., 1989. All rights reserved.

(LTNE) or nonequilibrium radiation effects. In addition, the
electron temperature and nonequilibrium chemistry will be
strongly coupled; and this coupling will influence the radiative
heat transfer to the vehicle. Further, at the higher end of the
velocity range (14-16 km/sec), the radiative transfer and the
flowfield gasdynamics will be coupled due t0 the significant

energy losses associated with radiation cooling.”

Currently, several different engineering models and reaction
rates have been postulated for electron impact ionization chem-
istry, all of which depend upon the accurate prediction of electron
temperature. The purpose of the present effort is to examine
these different electron impact ionization models using flowfield
results obtained from both invisicid and viscous nonequilibrium
chemistry multi-temperature computational models. By com-
paring the results with each other, the consequences of using a
specific model can be determined. Further, by comparing with
experimental data, a suitable jonization model for the stagnation
region can be determined.

_Problem Formulation

Flowfield Models

In this study, both inviscid and viscous flowfield repre-
sentations have been utilized. For the inviscid calculations, an
improved version of a previously developed® nonequilibrium
chemistry axisymmetric inverse method based upon the work of
Grosse® has been utilized as the basic Euler equation flow solver.
This method permits arbitrary chemistry, includes options for
a variety of vibration-dissociation coupling models, and, in the
computation of radiative transfer, accounts for non-gray gas spec-
rral and local thermodynamic nonequilibrium phenomena. For
the present effort, it has been further modified to include an
electron temperature model and both single and two-step atomic
ionization models.

Since at the high altitudes and low densities of interest in
aerocapture, viscous phenomenaand wall thermal boundary layer
effects will be important, calculations have also been obtained
using a modified version of the NASA Langley nonequilibrium
chemistry viscous shock layer code VSL3DNQ, which is an
axisymmetric versionof the SHTNEQ code described in Ref. 10.
Like the inviscid code, this VSL method has also been modified
1o include an electron temperature model and both single and
two-step atomic ionization formulations. In addition, it has been
combined with a non-gray emission-absorption radiation model
to permit the computation of radiative heat transfer. However,
the effects of radiation gasdynamic coupling due to radiation
cooling have not yet been included in the VSL formulation.
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Electron Impact lonization

At conditions of intcrest for earth return from Mars, the
nonequilibrium chemistry region behind the bow shock will

be dominated by ionization chemistry. Initially, ions will be
produced via reactions involving N O+ and Nz'*’ and precursor
photoionization; but once significant dissociation has occured and
reasonable amounts of atomic nitrogen and oxygen are present,
the atoms will directly ionize in collisional reactions. Of these
the mos! important are the electron impact reactions

Nite =Nt 4e +e” ()
1
O+e =0t +e +e”

since they can induce electron avalanche, and, thus, strongly
affect the length and character of the nonequilibrium zone.

The classical model for these reactions uses standard forms
for the species production terms, reactions rates, and equilibrium
constant. This approach essentially assumes that the ionization
mechanism proceeds via a one step process, and a widely used
set of reaction rates for these reactions is:

ForN+e =Nt +4e +e”

—16

= @)

ky = 2.2 x 1040745

(3)
where k; and k; are the forward and reverse rate coefficients
based upon the local electron temperature, T,. For O + e~ =
Ot +e +e”

(4)

ks =3.6 x 10T, ezp (—158000)

T.
ky = 2.2 x 1090745

(5)

Following normal practice, it is assumed that in these reactions
that the govemning temperatures are the electron temperature.
These rates were presented by Kang et al'! as part of an extensive
reaction chemisiry set, and results using this set yielded good

agreement with electron probe measurements on the flank region

of the RAM-C flight vehicle experiment. Both recombination
coefficients, Eqs. (3) and (5), have the form resulting from
elementary!? and variational theory three-body collision theory!?
and the coefficient is near the upper bound determined by Makin
and Keck!3. In fact, several figures in Ref. 11 are labeled
“Results are for upper-bound reaction rate coefficients for de-

ionization reactions.”
Similar recombination rates were alsoused inreflected shock

tunnel nozzle flow investigations of C+ recombination and OF
and N} dissociative recombination in which good results were
obtained!4-16, Howéver; as noted by the investigators, these
experiments may not have been sensitive to these reactions since
in one case the leading coefficient in Eq. (3) was varied by
plus and minus two orders of magnitude with no effect on the
dawa!®. Also, these laboratory and flight experiments were for
flows dominated by recombination and at lower electron densities
and temperatures (2500 - 8000°K) than of interest in the current

investigation. Thus, while not establishing the validity of these
rates for the present conditions, thesc experiments do not indicate
that they are incorrect.

However, Park!7~18 measured the nitrogen ionic recombi-
nation rate at a nominal temperature of 10,000°K using an arc
plasma wind tunnel and obtained values which corresponded to a
recombination rate of

ky = 5.02 x 10%27, 527

()

which is in reasonable agreement with the value of Kang et al.
He also suggested that the forward rate be obtained from the
equilibrium constant, K., via

k
K¢q=-—f

iy )

Both the Park forward rate corresponding to Eq. (6) and the Kang
et al forward rate given in Equation (2) are plotted on Figure 1.
As can be seen the agreement between the two rates over the
range of electron temperatures of interest in the present study is
good.

Now it should be recognized that for the high temperatures
of interest in the present effort that three body deionization
recombination will include significant electron capture into low
lying levels and that collisonal deexcitation should be rapid2.
In addition, while the atomic electronic excited state populations
may during recombination be in a Boltzman distribution (i.e.
local thermodynamic equilibrium, LTE), at T,, experimental
evidence!? indicates that many of the excited state population
densities may not be in equilibrium with the number density of
free electrons. As will be discussed below,' this nonequilbrium
with the free electrons during recombination is in contrast with
the behavior which can be assumed to occur behind a shock wave
during ionization.

Recently, Park*, used a two-temperature ionizing air model
and obtained good agreement with shock tube, shock tunnel, and
flight measurements of phenomena immediately behind a shock
front and/or in the stagnation zone and forward face region of

- blunt bodies. For these studies, several of the reaction rates were
adjusted so as to yield good comparisons with experimental data;
and the forward rates for the reactions in Eq. (1) are considerably
different than those given by Egs. (2-7).-These rates are
ForN+e =Nt +te +e”

—168600
ky =25 x 108732 ezp (-—I—T—l) (8)
ForO+e =0t 4e +e”
—158500
ky =39 x 10¥T, 38 ezp (_ffﬂ) (9)

and the forwardrate for atomic nitrogen electron impact ionization
is plotted on Fig. 1. Note that it is almost two orders of magnitude
smaller than the rates based upon recombination.

The second model for atomic ionization is an engineering
approximation based upon various theories involving the ion-
ization of argon?°—24 and the application of these theories to
nitrogen and oxygen2?®~28. This approach assumes that atomic



ionization is not a single step process but proceeds via a two siep
chain involving excitation to an excited state followed by rapid
{onization controlled by the local charged particle concentrations
and the clectron temperature. This concept applics not only to
electron impact ionization but also to heavy particle ionization
involving atom-atom and atom-ion collisions.

Unfortunately, because of the two step process, the usual
mass productionrate formulationis not completely adequate. For
example, assume that the atom-atom ionization process proceeds
as follows:

N,+ N=N"+N; (10)
N*=N*+e7; (11)

where N* refers to atomic nitrogen in an excited state. By
assuming that the first step is rate determining, that dN~ /dt
is approximately zero, and that the ground state concentration
approximately equals the atom concentration, kinetics yields the
rate of species mass production per unit volume, w,, to be

WN = total =

(12)
My {ks [Ng] [N] — ks [N"][N]} + wn- 1

where kg andrk, are for Eq. (10), brackets denote concentration,

and M, is the molecular weight of species s. However, by

assumption
12’N‘.¢o¢al =0
so that
) ﬁ’N-‘ = -
1 . (i3)
— My {ks [Ng] [N] — ks [N°] [N]}

But k4 and k, are related by the equilibrium constant for Eq.
(10

g* exp(—E* [kT) _ k;
K.,= ==
9q ks

-where g is the degeneracy of the indicated energy level, E, and
k is Bolizmann’s constant. Thus, Eq. (13) becomes

Wy- 11 = —Myky [Ng][N]

{1 _ gse=p(E"/KT) [N']} (14)
g° [N,] '

At this point, a rate expression relating the excited state to the
ions and free electrons could be introduced instead. However,
based upon experimental evidence for monoatomic gases!®?4,
it can be assumed as an approximation that the excited states of
nitrogen are in equilibrium with thé free electrons and ions at the
electron temperature. Thus,

NNws _ Qi Qe esp-X/FT) o
Ny- g*

where X is the ionization potential from the excited siate, Qf'
is the electonic partition function of species s, and Q.- is the
partition function for the electrons defined by

2xm kT, 3/2
Q.-=2 (—T—)

where h is Plank’s constant, m, is the electron particle mass.
Substitution of Eq. (15) into (14) then yields
e, nn =Mk [N

gy €Xp (% + T%) AV[eT][N*]] (16)
- Q.- Q3+ [N

where AV is Avogadro’sconstant,
A similar analysis for N+~ N jonization yields

s = Mk (N]IN)

Q3 ezp (%r + 1%) AV[eT]IN*]l ()

1-—
Qc-Q;\IH [N]

while for electron-atom ionization impact the result is

We,en =Mky[N][e7]

gsezp () AVIETINH]  (18)
- Q.- Q3. [N] -

Similar expressions could be obtained for atomic oxygen
ionization,
Notice that the production rates involving heavy particles

(atoms or fons) are governed by both the electron and the heavy
particle temperature, while the production rate for the atom-
electron reactions involves only the electron temperature but has

the classical form. Further, the forward rate coefficient is for the

limiting step and only uses the energy, of the assumed excited

state and not the ionization energy. Wilson?®, based upon the
work of Petschek and Byron??, assumed that the rate limiting
step in the ionization process was excitation of the atoms to the
level involving the largest energy jump, i.e. to the 3s4P for

nitrogen and to the 3s®S state for oxygen, and proposed a form

for the excitation rate. It should be noted that for oxygen and
nitrogen this rate limiting step is for the temperatures of interest
here different than that used in Ref. 13, which was only 2.5kT
below the ionization level. - e

Using this theory, Wilson obtained good agreement with
shock tube data for ionization distances behind shock waves in
air. Susbsequently, these forms were used to deduce rates which
were used to study nonequilibrium radiating phengmena behind
reflected shock waves?® and the AFE stagnation region®.

Thus, based upon the theory and results presented in Ref.
24-26, reaction rates consistent with the two step approximate
model given by Egs. (10-18) are: -

e
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ForN4+e- =Nt t+e +e”

~120000
k; = 4.16 x 101372 exp (—T——) (19)
ForO+e =0t 4e” +e”
—~104500
k; = 5.49 x 101370 ezp (—T-) (20)

For N+ N=Nt+4+e +NandN4+ Nt =Nt 4e + Nt

- (21)

kj =234 x 10117%% ezp (LIM)

The forward rate given by Eq. (19) is also shown on
Fig. 1, and it is in reasonable agreement with the ionization
rate of Park®. As can be seen, both of the rates associated
with ionization processes are considerably slower than those
deduced from recombination experiments and theory. However,
the difference might be due to fundamental differences in the
processes involved. In the shock tube case, the process is
dominated by forward ionization; and in the rate derivation it
was assumed that the excited states were in equilibrium with
the free electrons and jons. In the shock and arc tunnel
experiments, the chemistry is dominated by recombination and,
as mentioned above, there is experimental evidence'® that during’
recombination the excited states may not be in equilibrium with
the free electrons.

Electron Temperature Model

Besides chemical nonequilibrium, it is possible for a
partially ionized gas to have regions of thermal nonequilibrium
between electrons and the other heavier species. Such thermal
nonequilibrium occurs because the rate of energy exchange
between electrons and heavy particles is very slow due to the
large mass differences in the species, and it is characterized by
different free electron and heavy particle temperatures. Since
atomic ionization and radiative transfer are dependent upon and
strongly coupled to the eléctron temperature, accurate models for
computing it are essential.

Over the years, a variety of models for determining the
electron temperature have been presented®—8320-23,26,28-33,
which differ in detail, level of complexity, and ease of solution.
All of these start from the equation representing conservation of
electron energy which can be written as '

D@ 8 ., , (9 .
M=y A= Ye ehe e
Dl T te (31' ")

D(Pehe) =
- eU¢
Dt TP

D(p.) d. X, U.;
_T-}-[T,] : [-a—;,ﬁ]—Nexc'Uu (22)

2 s
. u - =
—wc—z_:z:(ﬁej'*'Uc 'Pej) + Q.
i=1
If Bremmstrahlung and viscous stress effects are ignored,

this equation becomes, showing only one dimension for
simplicity,

dh, dp. 2 aT, a
e T Ao\ T NeTq A cUchc
pette g "az+az(’\az)+ax(” )
7 u?
'che_hc_ eVe) T 'e—
tw az_(p Ue)—w 2

A : 5
=U.—- +J§(€e,-+U,P,,-) -+ Q.

(23)
The first term on the right hand side represents the effect

of external forces and is obtained from the electron momentum
equation, the second accounts for the rate of energy gain by

electrons due to elastic encounters because of thermal motion
of the particles, the third represents the energy gain resulting
from elastic encounters because of the relative fluid motion of
the electrons, and the last term represents energy change due to
inelastic encounters. The velocity, U,, is the electron diffusion
velocity.

In the past, several investigators?0=23:2% using the full
electron energy equation have obtained results which indicate
that when significant ionization is present in the post-shock
nonequilibirum zone that the electron temperature is essentially
constant at a value 10-15% above the theoretical equilibrium
temperature until the heavy particle temperature falls to that
value. After that, the two temperatures are essentially the
same. Obviously, the use of such a constant temperature
would simplify the electron temperature calculations; and this
approach has been used in approximate flowfield solutions31:34
and was considered for the present study. However, preliminary
calculations demonstrated the difficulty of selecting a priori an
appropriate effective constant electron temperature; and this
approach was abandoned.

Another approach successfullly used in the past for AFE
flowfields®® is to assume that the nitrogen vibrational temperature
and the electron temperature are equal and to combine the electron
and vibrational energy equations. This method is based upon
experimental data® and theoretical calculations*~*® that show
that near 7000°K vibrational processes strongly influence the
electron temperature. However, for the conditions of the present
study, temperatures are normally above 10,000°K, dissociation
occurs rapidly behind the shock front, and the concentration of
N, is very low over most of the nonequilbrium zone. Thus,
vibration electronic coupling should not be significant; and this
approach was not utilized in the present study.

Another model which has been used in the past32=32 is the
“quasi-equilibrium approximation” in'which all derivative terms -
are neglected in the electron energy equation. If it is further
assumed that the charge exchange cross section between atoms
and ions is sufficient to insure that they have the same diffusion
velocity and due 1o rapid dissociation that the concentration of
diatomic molecues is low over most of the shock layer, then
diffusion terms can also be neglected. Thus, Eq. (23) becomes

- . uz Z |
w.h, — we_z'" = j;eej + Q. (24)

Since vibration electronic coupling has been neglected, the



inclastic term, Q,, is composed of cffects due to chemical
reactions involving clectrons. When an electron is created by an
electron-atom reaction, the clectron which casued the ionization
will lose energy equivalent to the ionization potential, Ey, plus
the energy of the created electron, which on the average is say eq,.
The original electrons will rapidly equilibrate by elastic collisions
and will have collectivelylostenergy £t + €4, . The equilibration
between the original electrons and the newly created one will not
affect the energy per unit volume since it only involves a ransfer
of energy from one particle to another. Thus, the net energy loss
from an electron atom ionization process is £y and the total is
u-Je,cA EI/me -

Similarly, every time an atom-atom jonization ocCurs an
electron of average energy e 4 is created and the total energy
gain for these processes is W. 44€44 /m,. Similarly for atom-
ion ionization. Thus,

Q.= _We,caBr " We, AACAA N We, AICAT (25)

m. me, m,

For the present conditions, however, the electron-atom process
should be the dominant ionization mechanism and the last two
terms should be negligible?!:28. For those parts of the flowfield
where the other reactions are important, the concentration of
electrons should be low enough that any error resulting from
neglecting them in Eq. (25) should be small. Thus, only the first
term of Eq. (25) need be retained.

General forms for the elastic interaction terms have been
derived using collision integral theory in Ref. 36. Since
diffusion effects are ignored in the quasi-equilibrium model,
these interaction terms can be reduced to

= (mtTe)%

Ee: m;

where cgs units are assumed, terms involving m, have been
dropped relative to heavy particle masses, and S, ; is the collision
cross section between electrons and species j. )

By substituting Egs. (25-26) into (24), dropping the small
term involving 42, and rearranging, an approximate equation for
the free electron temperature is

S.; N.N;(1.03478 x 10~2*)(T - T..) (26)

1.23357 x 10~1°
,} _ .
TiSX[e~}m. (27)

T.=T—

. . . 5
[‘w:,eN Ep. + w‘,gOEIO + w, §kT¢]
where
SX =NyS.n + NoSco + Ny+Sen+ + Neo+Seo+

1
+ §(NN, + NO,)seM

Note that this equation is nonlinear since the cross sections are
functions of translational and electron temperature as well as
concentrations and that the various production rates also depend
upon both temperatures. In the present study, an iterative method
for solving this equation has been developed and included in both
the inviscid and viscous flowfield solvers.

Chemistry Models

Since the primary objective of the present effort is to
use multi-temperature flowfield models to investigate the effect
of different impact ionization models, the recaction chemisiry
schemes have been kept as simple as possible. For air, the
ten species eleven reaction model shown in Table I has been
used. While this scheme is not as complete as some others
(Ref. 11 for example), it should be adequate for the present
study. In addition, numerical experiments were conducted using
for the nitrogen dissociation reaction a series of reaction rates
which varied by several orders of magnitude. For the conditions
investigated, no significant effects on the ionization processes

were observed. -
However, since the air model did not contain all possibilities,

particularly with respect to dissociation and oxygen ionization,
results have also been obtained assuming a pure nirogen
freestream. At the conditions of interest, nitrogen is a reasonable
representation of nonequilibrium radiating air, and more details
can be included using a smaller number of species and reactions.
The nitrogen reaction chemistry set consisting of five species and
eight reactions is shown in Table II. Notice that charge exchange
is included.

In general, with the exception of the atomic ionization
reactions, the rates shown in Tables I and II are similar to those
used by other investigators:¢:28:33:3% and are in the form

kf_b = ATB €zp :TE-

As noted on the tables, computations involving the one step
jonization models and the rates in Egs. (2 -5) will be termed Case
I and those using the two-step ionizaiton model and the rates in
Egs. (19-20) Case II.

Vibration Dissociation Coupling -

Tt is well established that in general vibration dissocia-
tion coupling strongly influences the dissociation of diatomic
molecules?—8. However, at the temperatures and velocities as-

sociated with the present study, dissociation occurs rapidly; and

the influence of vibration dissociation coupling on the ionization
processes is small. To confirm this, numerical experiments were
conducted with the inviscid flowfield model using vibrational
equilibrium, CVDV coupling, and MCVDYV coupling; and no
significant differences between the results as to the ionization
processes were observed. Consequently, in the inviscid flow
solver the MCVDV model developed in Ref. 6 has been used.
This coupling model includes corrections to the Landau-Teller

relaxation time correlation to prevent unrealistically short relax-

ation times at high temperatures and accounts for the diffusive
nature of vibrational relaxation at high temperatures*.

Inits original form the viscous shock layer code, VSL3DNQ,
did not contain any vibration dissociation coupling model. Since
the inviscid studies indicated that for conditions associated with
earth entry return from Mars that vibrational coupling effects
were small, the VSL code has not been modified; and all viscous
calculations have assumed vibrational equilibrium.

Radiation Model
At the lower velocities associated with the earth return from
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Reaction A B E Direction
0,+M =20 +M 119107 | -1.5 | 59380 | Forward
NO+M =N +0+M 5.18x 1021 | -1.5 75490 Forward
N,+M =2N +M 227x10% | -1.5 0 | Backward
N +0,=NO +0 1.00x10'2 | 05 3120 | Forward
N,+0 =NO +N 7.00x1013 | 00| 38016 | Forward
N +0Q =NOt+e~ 1.80x10%t | -1.5 0 | Backward
N+N =Nt +e~ 1.40x1013 | 00| 67800 | Forward
N4+N =N  +Ntie~ | 234x10' | 0.5 | 120000 Forward
N +N+t=2Nt +e~ 2.34x10! 0.5 | 120000 Forward
N+e~ =Nt +2e~ Eq.(2,3) for Case T or Eq.(19) for Case II
O +e~ =0t +2e” Eq.(4.5) for Case L or Eq.(20) for Case I1

TABLE 1. Air Reaction System

Reaction A B E Direction
N,+N; =2N +N; 470 x1007 | 0.5 | 113000 | Forward
No+N =2N +N 4.085x10?2 | -15 | 113000 | Forward
No+M =2N +M 190 x10'7 | 05| 113000 | Forward
No+N+t=N;t+N 202 x1011 | 08| 13000 | Forward
N4+N =N;++e~ 1.40 x 103 0.0 67800 | Forward
N4N =N +Nt+e— | 234x10'1 | 0.5 | 120000 Forward

N +N+=2Nt+e~ 234 x 101! 0.5 | 120000 | Forward
N +e~ =N+ +2e~ Eq.(2,3) for Case I or Eq.(19) for Case I

TABLE 1. Nitogen Reaction System

Mars of an AOTV, i.e. 12 kmysec, radiative heat transfer and
associated self-aborption effects should be important; but the total
radiative losses from the flowfield should be sufficiently small so
that there is not any significant radiative gasdynamic coupling.
Thus, once a flowfield solution has been obtained for a given
reaction chemistry system, the flowfield solution can be used to
compute the body radiative heat transfer. In the present study,
the tangent slab approximation has been used, the wall surface
is assumed to be non-emitting and nonablating, and percursor
effects are assumed negligible. Also, an eight step non-gray
absorption coefficient model based upon the work of Olstad3?

and similar to that used in Ref. 6 has been used. However, it
has been modified to yield, under equilibrium conditions, results

with respect to both magnitude and spectral distribution which
in general agree with the RADICAL detailed radiation model®®.
Based upon a series of calculations, these modifications consisted
of a reduction in the effective absorption cross sections in the
frequency range 6.89 - 10.98 ev, which is composed not only
of continuum radiation but also several important lines. This
step model has yielded reasonable engineering results for AFE
flowfields® and in conjunction with an approximate flow solver
has correlated well with the Fire 2 flight experiment>*.

A spectral comparison between stagnation point radiative
heating predictions obtained obtained using the present eight step
model and RADICAL is shown on- Figure 2. These results were
obtained using the viscous flow solver with 99 points between the
shock and the wall, Case I rates, and assuming an adiabatic wall;
and almost the entire shock layer for this case was inchemical and
thermal equilibrium. The presence of line contributionsis evident

in the RADICAL results by the tall narrow peaks on top of the
continuumcurves in the infrared (0 - 3.1 ev) and ultra-violet(8-12
ev). Since the radiative heating to the wall is the area under these .
curves, it can be seen that in general the two models agree quite
well, and in fact the results are within fifteen percent overall.
(Note: The vacuum ultra-violet band in the eight step model
which starts at 14.56 ev actually extends to 31 ev.) However,
the eight-step model does appear to still overpredict slightly the
heating in the 6.89 - 10.98 ev range; and further improvements
probably can still be made. Nevertheless, particularly when
computational efficiency is considered, the modified eight step
absorption coefficient model should be adequate for engineering -
and comparison studies. )

In addition, the present radiation model contains a method
for computing approximate correction factors which account
for the effects of local thermodynamic nonequilibrium (LTNE).
Such LTNE can exist in the chemical nonequilibrium region
immediately behind the shock front where, due to ionization .
via excited states, the populations of the electronic states may
not be that predicted by an LTE assumption using the ground
state. The rationale behind these factors and their derivation has
been presented in Ref. 6 and 34, and similar factors have been
used for monoatomic gases20~2%. The inclusion of radiation
nonequilibrium effects is essential for accurately predicting
radiative heat transfer at high altiude conditions*~%34.

Originally, these LTNE factors were expressed in terms of
the degree of dissociation and ionization®3* which often were
difficult to compute accurately. However, Greendyke®® has
pointed out that they can be more simply expressed in terms



of the pantition functions. Thus, the atomic nitrogen LTNE
correction factor can be written as

Nyn+N.Q% ezp(169000/T,)
NNQ;}+ Qe‘

For radiation processes involving the ground state this factor is
multiplicd by the black- body function for lhal region to yleld

(28)

unchanged. On the other hand, for processes involving excited
states, the factor is multiplied by the absorption cross section to
yield the effective absorption coefficient, and the source function
for that spectral region is unchanged. Additional details are
presented in Ref. 6, and similar forms can be obtained for
molecularradiation.

For those cases where the reaction chemistry set is such
that an opposite rate is obtained from a forward or reverse rate
in conjunction with an equilibrium coefficient computed from
partition functions, the correction factor form given in Eq.(28) is
appropriate. This situationis the case with the two-step ionization
model, whose rates have been designated Case II. In other words,
in that case the factor predicted by Eq. (28) will go to one as the
flow approaches ionization equilibrium.

However, when the one step Kang et al ionization rates are -

. used, Case I, the jonization equilibrium coefficient is determined
by the ratio of the forward to reverse rates (Egs. 2-5) and not
by partition functions. In that case, the atomic nitrogen LTNE
correction factor should be compuied using

Ny N,

N+l 29
NyAVEc, (29)

and the equxhbnum coefficientis given by

" ]
K., = :—i =5x 1077} (%) (30)

If this approach is not taken, the factors will not approach one as
chemical equilibrium is approached; and ridiculous answers may
result.

For viscous cases in which a cool wall is considered,
recombination processes will dominate in the wall thermal layer;

and as mentioned previously, there is evidence that during
recombination that the excited states may not be in equilibrium
with the free electrons and ions and that the electronic states may
all be populated according to a Boltzman distribution, i.e. in
LTE with the ground state. Consequently, in the wall thermal
layer, the radiation should be computed using the local electron
temperature and nonequilibrium species concentrations; and the
LTNE factors should not be used (or set to unity).

Discussion of Results

Inviscid and viscous results have been obtained for the
stagnation region of a 2.3 m nose. radius axisymmetric blunt
body for a freestream velocity of 12 kmy/sec at an altitude of 80
km. This condition was selected because it is within the range
of possible Martian return trajectories; and yet the velocity Is
low enough that radiation losses should be minor, at the most a
few percent, compared to the total flow energy. Thus, radiation

cooling and gasdynamic coupling effects should be small. Each
inviscid solution covers the region between the shock and the
body and from the centerline up to 10 cm above the axis and is
typically composed of over ten thousand computational points.
Invsicid solutions using both air and nitrogen freestreams have
been obtained. Viscous solutions have been obtained along the
stagnation streamline for nitrogen freestreams for adiabatic and
cool wall situations. In both cases the wall was assumed 10 be
nonemitting and noncatalytic; and in the cool wall case the wall
temperature was assumed to be 1650°K, which is representative
of nonablating heat shicld materials.

Inviscid Results

While flowfield properties along twenty-one different
streamlines in the stagnation region were actually computed,
deails will only be presented for Sreamline C which crossed

the shock front 1.5 cm above the axis. This streamline is shown
on Figure 3 as a solid line, along with several other streamlines,

the shock front, and the body. Depending upon the reaction
chemisiry system, Streamline C was typically composed of 700
to 2000 spatial grid points.

Figure 4 shows air results obtained using the one step
ionization model with Case I rates, the quasi-equilibriumelectron

" temperature model, and MCVDV vibration dissociation coupling.

While individual vibrational temperatures were computed for
N3, 03, NO, NO*, and N}, for clarity they are not included
on the plots. Immediately behind the shock front the heavy
particle temperature, T', is almost 70,000°K; while the electron
temperature, T,, is at the freestream value, 180.65°K. Initially,

T, rapidly rises to about 10,000°K while the heavy particle -

temperature falls sharply due to the rapid dissociation of N, and
O,. Subsequently, the electron temperature gradually increases
until it equxhbrates with the heavy particle temperature.

As can be seen on the concentration profiles, in the region
immediately behind the shock front the concentration of atomic
nitrogen and oxygen rises extremely rapidly, indicating that
dissociation essenually occurs in the shock “front” as has been
assumed in some approximate solutions?>:3%. Also, Nj, NO,
and NO* peak rapidly and essentially “disappear”, and from
a practical standpoint the entire nonequilibrium portion of the
fiowfield is dominated by atomic ionization. Interestingly, at the
end of the equilibrium zone, the concentrations of N+ and O+

are similar. Further, the heavy particle temperature and [e~]

profiles exhibit a change in curvature around 2.5 cm, which is

associated with the onset of electron avalanche from the electron
impact ionization reactions.

The magnitude of this phenomena is shown on Figure 5, )

which portrays the total electron production rate in gm/(cu ¢m
-sec) for this case. While the plot is somewhat lacking in
detail since only approximately every twentieth point is plotted,

it can be seen that avalanche starts at about one cm along the
streamline. Apparently, by this point other ionization reactions
have produced sufficient electrons and the eleciron temperature
has risen sufficiently to permit electron impact ionization to
dominate. Both Figures 4 and 5 indicate that for the Case I rates
that the flow equilibrates in about 4.5 cm. It should be noted
that the high electron production rate associated with the Case
T impact ionization rates prevents the free electron temperature
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from peakingand instead leads toits gradualrise until equilibrium

is attained.
Similarresults are shown on Figure 6 for nitrogen, where the

reaction chemistry set of Table I and Case I ionization rates have
been used. As for air, [N] rises rapidly behind the shock frong
but in this case the N, dissociation is somewhat slower, probably
due 1o the absence of the N3 + O = N + N O exchangereaction
that is very efficient at dissociating nitrogen in air. However, the
[NV} profile is similar to the air case even though the atomic
ionization is somewhat faster with equilibrium occuring at about
4 cm. Interestingly, neither the heavy particle or [e™] profiles
exhibit the reverse curvature that was evident in the air results.
In any event, both the air and nitrogen results shown on Figs. 4-6
indicate that for Case I electron impact ionization rates that most
of the shock layer in the stagnation region is in equilibrium.

Inviscid results obtained using the two-stcp approximate
ionization model with Case II rates are shown for air on Figures
7 and 8. The {N'] and {O] profiles indicate rapid dissociation and
are similar to those with the one step model shown on Figure 4.
Likewise, the peak values for [N; ] and [N O¥] are similar but
occur slightly later. The electron temperature initially rises to
about 14,000°K, after which it remains relatively constant until
it equilibrates with the heavy particle temperature. As can be
seen by comparing the values on Figures 8 and 5, the electron
production rate for this case is significantly lower than for the
Case I situation; and as a result the electron temperature is higher
over most of the nonequilibriumregion.

The biggest difference, however, between the Case I and
Case 1I air results is in the behavior and length of the atomic
ionization region. After the initial dissociation, the decrease in
heavy particle temperature and increase in electron concentration
is, by comparison, slow; and equilibrium is not achieved until 11
cm along the streamline. In addition, the [N t] concentration is
significantly higher than the [O*] value. This latter difference
is due to the fact that in this case the equilibrium composition
is determined from the equilibrium coefficient computed by
partition functions, while for the one step Case I rates it is
specified by the ratio of the forward and reverse rates in Egs. (2-
5). Atthe present equilibrium temperatures, these two approaches
yield equilibrium constants which differ by an order of magnitude,
with resultant differences in final composition and temperatures.

In addition, Figure 8 shows that the electron productionrate
for the two-step ionization model is different than that for the
one-step case. Initially, electrons are created due to NO?, N.}L ,
atom-atom, and atom-ion reactions; and the production from
these reactions rapidly peaks and then decreases. However, once
[e~] becomes sufficiently high, electron atom processes become
important, the electron production rate increases, and electron
avalance occurs. However, since the two step electron atom
ionization rate is less, the process is slower than in the one step
model and the time and distance to equilibrium is longer.

Equivalent results for a nitrogen freestream for the Case II
rates are shown on Figure 9. While there are some differences
from the air results in that the electron temperature peaks earlier
and that the later stages of N dissociation are slower, the overall

ionization relaxation behavior is similar; and the relaxation
distance for Streamline C is again 11 - 12 cm. Thus, both the air

and the nitrogen results indicate that for the two step ionization

model with Case I rates that almost two-thirds of the stagnation
region shock layer is in chemical nonequilibrium.

It is believed that these inviscid results demonstrate that
predictions of ionization relaxation are strongly dependent upon

the atomic ionization model and the electron impact ionization
rate. In addition, they show that results obtained using a
reaction chemistry set only inyolving nitrogen (i.c. Table II)
can for the present conditions of interest rcasonably simulate the
nonequilibrium jonization processes in air.

Viscous Results

Using the nitrogen reaction chemistry set given in Table II,
viscous results have been obtained for the stagnation streamline
with the modified VSL3DNQ code. In all cases, ninety-nine
points have been used between the shock front and the wall, and
binary diffusion between molecular and atomic species has been
included. Unlike the inviscid solver, which primarily used the
partition function approach, the thermodynamic properties in the
viscous solutions were computed using the curve fits presented
by Gnoffoet al‘®.

Figure 10 shows temperature and concentration profiles
for the cool wall case (T,, = 1650°K) for the Case I electron
impact ionization rate. Notice that computational points have
been clustered in the region immediately behind the shock front
where nonequilibrium effects should be important and in the
region near the wall where thermal and concentration gradients
could be large. In the outer portion of the shock layer, these
results are almost identical to the equivalent invsicid case in
that dissociation is rapid behind the shock front, the electron
temperature “peaks” and then gradually rises to equilibrate with
the heavy particle temperature, and about two-thirds of the shock
layer is in chemical equilibriuum. In addition, they show that the
cool wall thermal layer affects about twenty percent of the shock
layer and that in this region ion and molecular recombination
processes are dominant. For this case, the shock standoff
distance was 11.8 cm and the computed convective heating rate

to the non-catalytic wall was 46.7 watts/sq cm.

Stagnation profiles for the two-step ionization model and
the Case I electron impact ionization are presented on Figure 11.
For the nonequilibrium zone behind the shock front, these are
virtually the same as those presented on Fig. 9 for the equivalent
inviscid case in that while dissociation is rapid and N, rapidly
peaks and disappears, two-thirds or more of the shock layer is
affected by ionization nonequilibriumrelaxation. In addition, the
relaxing temperature profile never reaches a constant plateau but
smoothly merges into the wall thermal layer. For this case, the
shock detachmerit length was 12.0 cm and the convective heating -
was 44 4 watts/sq cm.

The electron production rate for this cool wall case is
presented on Figure 12. While there are some differences
between this profile and the inviscid curve shown on Figure
8 due to differences in velocity along and location of the
streamlines, the overall pattemn is similar. Initially, electron
production is high due to N ionization, atom-atom, and atom-
ion reactions; and then it decreases. Subsequently, electron-atom
ionization becomes important, as evidenced by the plateau around
yfyshock of 0.8, followed by an approach towards equilibrium.
Unlike Figure 8, no second peak appears in the viscous profile



possibly due to diffusioneffccts and to the influence of the charge
exchange reaction. Also, the electron production rate indicates
that an equilibriumregion is never achieved along the stagnation
streamling; but that the flow simply transitions from an ionizing
flow to ong involving recombination (ncgative production rates)
in the wall thermal layer.

Obviously, the different species concentration and temper-
ature profiles between the Case I and Case I models and rates
will greatly influence the predicted radiative heat transfer to
the vehicle surface, since radiative heating depends upon both
electron temperature and species concentrations. However, it
also depends upon the extent of radiative nonequilibrium or the
degree to which the excited state populations are depleted due
1o ionization. This nonequilibrium has previously been referred
1o as local thermodynamic nonequilibrium (LTNE) in the discus-
sion concerning the radiation model, and it can be approximately
accounted for via LTNE correction factors such as those in Egs.
(28) and (29).

Values for the correction factors for atomic nitrogen
radiation are shown on Figure 13 for both the Case I and Case Il
rates and models. For the one-step Case I model, the correction
factor is small in the chemical nonequilibrium zone; but then
it rises rapidly and is essentially unity through the rest of the
stagnation layer. Thus, for the one step impact ionization model,
most of the shock layer is in local thermodynamic equilibrium
radiatively. Similarly, the two-step Case 1I factors are also very
small in the chemical nonequilibriumzone; but they subsequently
only increase slowly and only very near the body in the wall
thermal layer do they become one. Hence, for the Case II
flowfield, radiative nonequilibrium or LTNE effects are very
important. Interestingly, when the approximate technique of
Ref. 34 is applied to this case, it also predicts that most of the
stagnation region is in LTNE.

In examining these results, it should be realized that the
two-step ionization chemistry and LTNE radiation models are
approximate and the most optimistic from the standpoint of
reducing radiation and the rate of ionization since they assume
that the excited states are in equilibrium with the jons and free
electrons. In actuality the rate of jonization from the excited
state, Eq. (11), may be finite, and the extent of LTNE indicated
by the Case I results on Figure 13 may be less. Thus, the two sets

of results on Fig. 13 could be viewed as bracketing the problem.

Stagnation Point Radiative Heat Transfer

The viscous stagnation streamline nonequilibrium flowfields
have been used to compute the radiative heat transfer to the
wall. In all cases the wall has been assumed to be nonemitting
and nonablating, and results have been obtained for both an
adiabatic and the cool wall case. Considering the many factors
invoved in the current models, these radiative heating results
should not be construed as definitive and should primarily be
used for comparison purposes and model development until they
have been verified by more detailed models and/or experiments.
Nevertheless, these results do include both the ultra-violet and
the visible-IR spectrum, emission and absorption phenomena, the
variation of absorption coefficients with wavelength, chemical
and thermal nonequilibrium, and radiative nonequilibrium. Thus,
the present results include many effects not accounted for in

other studies® which assumed the gas cap to be in equilibrium
and transparent and only included emission in the visible and IR
spectrum.

Figures 14 and 15 present stagnation point radiative heat
transfer for the present cases as a function of energy, and several
significant points are evident. First, thercisan order of magnitude
difference in heat transfer both totally and in the individual
spectral regions between the one-step Case I flowfield and the
two-step Case II results. This difference is due to the larger
chemical nonequilrium region prcdictcd by the Case II rates and
the subsequent greater extent of the radiative nonequilibrium
zone. Second, for both ionization models, most of the radiation
reaching the wall for the region below 6.89 ev (above 1800

Angstroms), which is often referred to as the visible region since’
it is optically visible through quartz and sapphire windows, is in
the region below 3.1 ev and due to infrared continuum and lines.

Third, the absorption effects of the cool wall thermal layer
may not be as great as previously hoped®®33. With the present
data, the effect of the wall thermal layer can be determined by
comparing the cool wallresults with the adiabatic wall values. For
the Case I situation on Figure 14, lowering the wall temperature
to 1650°K reduces the overall radiative heating 28%; and in the
separate spectral bands the reduction is 22 to 25% except for the

vacuum ultraviolet band from 14 56 ev to 31 ev, For that band
the reduction is 61%, indicating that the far vacuum ultraviolet

is extensively absorbed in the cool wall layer. Likewise, for the
Case 1I rates, Figure 15 shows a reduction due 10 wall cooling
of 46% in the total radiative heating. In this case, since the
total input is considerably less than for the one step model, the
thermal boundary layer has more of an effect. In the individual
bands the reduction ranges from 39 to 44%, but again in the
14.56 - 31 ev VUV band the reduction is large, 72%. Obviously,
for both cases, while a cool wall significantly attenuates the far
VUV and reduces somewhat the heating from other regions of the
spectrum, significant radiative heat transfer still reaches the wall.
This trend is consistent with previous approximate calculations
at similar conditions®*.

Fourth, there is significant radiative heat input to the wall
from the spectral region above 6.89 ev (below 1801 Angstroms).
In fact, for both ionization models approximately seventy-five
percent of the total radiative heating is from this region. This
result is consistent with what has been-observed and predicted
for the Fire 2 experiment!33:41, and it is also consistent with the
shock tbe experiments of Wood et al*?. The latter conducted
measurements with and without a quantz window and determined
that fifty to seventy-five percent of the total radiant intensity was
from the ultraviolet region of the spectrum. Interestingly, they
also concluded from their experiments that a cool boundary layer
would not absorb appreciably.

Comparison with Experimental Data

Based upon the temperature, species, and radiative heat
transfer profiles discussed above, it is apparent that the choice
of ionization model and electron impact jonization rate greatly
affects the resultant predictions; and it would be desirable to
determine which model is more appropriate for blunt body
calculations. While there is almost no radiation experimental
data at the present velocity and pressure conditions, Wilson?®
did make measurements of the ionization rate of air behind
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shock waves having velocities between 9 and 12.5 km/sec. By
making infrarcd measurements around 6.1 micrors, he was able
to determine variations in electron density and thus the ionization

relaxation distances.
Conscquently, the concentration and temperature profiles

for the present inviscid air data along Streamline C have been
used to compute theoretical infrared emission profiles similar
to those measured by Wilson for both the Case I and Case
1T models. These profiles are shown on Figure 16, and they
have the same general shape as the signals measured by Wilson.
Following his procedure, the intercept with the equilibrium value
of a line drawn through the maximum slope of the rising signal
has been used to determine an ionization distance, denoted by
the vertical dashed line on the figure, for each ionization model.
Then, the shock tube data of Wilson has been used, accounting
for differences in freestream pressure and for particle velocity
differences behind a normal shock and along Swreamline C, 1o
determine an experimental ionization distance for the present
case. Thesedistances are shown by the square symbols on Figure
16. The center symbol is the nominal value, while the end points
correspond to the data scatter and error band limits indicated in

Ref. 25.
As can be seen, the agreement between the shock tube

data and the prediction obtained using the two step jonization
model and the Case II electron impact ionization rates is very
good. Thus, based upon the results presented, it appears that a
two step ionization model in conjunction with jonization reaction
rates based upon forward processes should be used for the
computation of nonequilibrium blunt body flowfields associated
with earth aerocapture from Mars.

However, this conclusion does not mean that the ion
recombination rates used by Kang et al'! or measured by Park'”
are in error. Unfortunately, there are many possible explanations
for the observed differences. First, there could be an error in the
experimental data® or its interpretation to the present problem.
Second, at the current electron densities and temperatures, the
results of Hinnov and Hirschberg!® and of Bates et al*3 indicate
that the effective recombination rate is not strictly a function
of electron temperature and that radiative recombination is still
significant. Thus, the flow may not be totally collision dominated.

In such a situation, if a measured or effective reverse rate were
used via an equilibrium constant to determine a forward rate,

the resulting forward rate would be too large. As pointed
out by Park!8:44-45 the effective forward and reverse rates are
only related via the equilibrium constant if the flow is collision
dominated. Third, there is the possibility!® that in the region
immediately behind the shock front that due to the time scales
involved the forward and reverse rates are not related by the
equilibrium constant and that reasonable chemistry can only be
predicted using a proper forward rate. Fourth, there exists the
possibility that the electronic temperatures are not in reality the
same as the free electron temperature and that this fact requires
the use of a different set of rates. A discussion of this situation
and also the details of atomic ionization is presented in Ref.
45 and 46. Finally, as mentioned previously, there exists the
possibility that ionic recombination in a nozle or arc tunnel is
not the direct inverse of atomic ionization behind a shock wave.
If anything, the present results indicate the difficulty of creating
engineering models for these problems and the need for further

analytical and experimental investigation.

Future Efforts

In the near future, it is planned to continue these studies
by developing a nonequilibrium radiation model based upon
RADICAL. This new model will be incorporated into the VSL
code along with radiation gasdynamic coupling. In addition,
there exists a need to improve the ionization chemistry modet
and the LTNE correction factors by taking into account finite
rate processes between excited state atoms and ions. Also, there
is a definite need for additional experimental data at velocities
and pressures appropriate for a Mars return AOTYV. This data
should be for an ionizing, as opposed to a recombining flow,
and probably could be obtained in a shock tube, although flight
data would be desirable. Finally, the inclusion of pre-shock
precursor, photoionization and recombination, and shock and
wall slip effects would be desirable.

Conclusion

Based upon the results presented, it appears that an
approximate two step ionization model in conjunction with a
quasi-equilibrium electron temperature model is suitable for the
computation of nonequilibrium blunt body flowfields associated
with earth aeroacapture from Mars. Also, nonequilibrium
chemical and radiation effects are important at these conditions
throughout the entire stagnation zone; and, when compared to
equilibrium predictions, these nonequilibrium phenomena can
lead to a reduction in radiative heating. Further, compared to
an adiabatic wall, a cool wall results in a significant reduction
in radiative heating due to absorption near the wall. However,
the present results also indicate a need for further analytical and
experimental investigations.
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Abstract =~ Sl{t{sfﬁplsz% v ooTT
A flowfield model for the nonequilibrium stagnationre- e = electron. o

gionof high altitude entry vehicles which includes nonequilibrium el = electron impact reaction
chemistry, multi-temperature, viscous, conduction, and diffusion T = Species
effects is presented. It conlains coupled nongray nonequilbrium 5= vglug behmd ShOCk
radiative transfer for atoms and molecules and local thermo- superscripts

dynamic nonequilibrium phenomena. Comparison with Fire 2
flight data verifies that the model is reasonably accurate; and
it has been applied to two AFE trajectory points, a high speed
return from Mars, a series of points at 80 km for 12 to 16
kmisec, and three altitudes at 16 km/sec. Based on these results
shock slip is significant, radiation coolinglcoupling is minor at
AFE conditions but important by 14 kmisec and dominant at 16
kmisec, radiationfor the AFE is small but important and primar-
ily molecular, above 12 kmisec atomic radiation is a significant
or dominant portion of the total heating, and local thermody-
namic nonequilibrium is important and should be included in all
models.

Nomenclature

= mean thermal velocity of electrons

¢, = specific heat at constant pressure
E = ionization potential

h = enthalpy

k = Boltzmann constant
m = mass
N =number density

n, s, ¢ = coordinate axis

P = pressure

Q = rate of inelastic energy exchange
T = Temperature

u, v, w = mass averaged velocity components

U = diffusional velocity
v, = shock standoff distance

9 = binary diffusion coefficient

€ = Reynolds number parameter

¢ = magnitude of electron charge

7 = heat conduction coefficient

¢. = rate of elastic electron energy exchage

p = density

& = wall sheath electric potential

*  Professor Aerospace Engineering, Associate Fellow AIAA
#+ NASA Graduate Student Researcher, Student Memeber
AIAA
Copyright ©1991 by the American Institute of Aeronautics
and Astronautics, Inc. All rights reserved.

e = electronic
n, n + 1 = iteration step
ir = translational

Inrroducuon

In the future various space programs will be conducted
which will require the efficient return of large payloads from
missions to the moon or to planets such as Mars. To accomplish
this task, the return vehicles will either utilize direct entry at
very high velocities or aerocapture techniques. In either case,
a significant portion of the entry will involve high velocities at
high altitudes; and, during this part of the trajectory, the vehicle

flowfields will be dominated by chermca] thermal, and radiative ‘

nonethbnumphenomena. To design and operate such vehicles,
it is essential to develop engineering flowfield models which
appropriately and accurately describe these chemical, thermal,
and radiative nonequilibrium processes and the coupling between
them.

Previously!, the importance of properly predicting electron
temperature and modeling electron impact ionization was
investigated and a quasi-equilibrium free electron energy model
and a two step ionization model formulated. In addition,
an approximate method of handling nonequilibrium atomic
radiation, which assumed that the excited states of atoms are
in equilibrium with the local free electrons and jons, was
developed! —2 and applied to an eight step nongray emission-
absorption radiation model. ‘While the results obtained with these
models were informative, the lack of detail in the radiation model,
particularly with respect to atomic lines ang
with molecular ions, and the highly approximate nature of the
nonequilibrium molecular radiation portion of the model, which
for some molecular bands appeared to underestimate the actual
radiation, indicated a need for improvement. Further, while the
quasi-equilibrium free electron energy model and its associated
assumption that the electronic temperature was determined solely
by the free electron temperature should be 2 good approximation

for many conditions of interest in aerocapture and entry, it Was
felt that additional models should be developed in an effort to

improve the modeling of electron energy, and hence temperature,

due to its importance in dctermxmng nonequ:lbu'um 1omzauon

chemistry and radiative transfer.
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Thus, the objective of this paper is to present an improved
engincering flowfield model for high altitude AQTV flowficlds
having extensive chemical, thermal, and radiative nonequilibrium
and to use this model over a wide range of conditions to
investigate the magnitude and extent of nonequilibrium chemical
and radiation coupling phenomena in high altitude entry vehicle
flowfields.

Problem Formulation

Flowfield Model

The flowfield model used in this investigation is a vis-
cous shock layer analysis which includes the effects of chem-
ical nonequilibrium, multi-temperature thermal nonequilibrium
(heavy particle and electron or electron-electronic temperature),
viscosity, heat conduction, diffusion, and radiative gasdynamic
coupling. The basic method, which is a significantly modified
version of the NASA Langley code VSL3DNQ* is similar to the
version used in Ref. 1; but a number of additional modifications
have been incorported since the earlier study. First, the VSL code
has been coupled with modified versions of the radiation routines
of the NASA Langley program, RADICALS®, which is described
below, giving the ability to calculate flowfield solutions with
the effects of radiative cooling present. Second, the chemical
reaction rate input data has been changed to allow the use of a
single reaction rate, k¢ or ky, and the equilibrium constant, Keq,
rather than using both forward and backward rates. With this
modification, species concentrations in the equilibrium regions
of a flowfield are now in agreement with results from equilibrium
analysis. Third, the effects of multi-temperatures on the shock
jump conditions and thermodynamic state variables have been
improved from those at the time of Ref. 1. )

One of the advantages of a VSL method is the ability to
distribute many flowfield points in regions of large gradients,
such as in the region immediately behind the shock front
and in the highly nonequilibrium thermal layer near the wall.
However, this approach requires proper shock front jump
conditions since diffusion and thermal conduction phenomena
can be significant in the region immediately behind the shock
front. Thus, the present method includes multi-temperature shock
slip boundary conditions, and the importance of including and
utilizing these conditions will be shown later. In addition, the
present method permits various wall catalycity properties and
includes appropriate spectral variations in the treatment of the
wall boundary conditions.

Radiative Transfer Model

The radiation analysis in RADICAL is a detailed method
which includes atomic continuum radiation, molecular band radi-
ation, and atomic line radiation for the standard CHON (carbon,
hydrogen, oxygen, nitrogen) gas system. While the original
method used individual species number densities and assumed a
Boltzmann distribution to calculate the excited state number den-
sities for each species, and, from this data, the individual radiative
absorption coefficients associated with each radiative process,

such an approach is not suitable for nonequilibrium conditions.
Thus, the original model has been extensively expanded and
modified 1o include nonequilibrium chemical and thermal effects
and to account for excited state population distributions different
from those predicted by a Bolizmann distribution. Consequently,
in the present engineering approach, nonequilibrium radiation is
computed using the modified RADICAL radiative analysis code
and absorption coefficient model with actual species concentra-
tions, the appropriate electron-electronic temperature, and with
correction factors on the effective source function and absorption
coefficients. This correction factor approach accounts for the
existence of non-Boltzmann distribution state populations (i.e.
local thermodynamic nonequilibrium, LTNE) and effectively de-
termines the correct state populations.

Nonequilibrium Molecular Radiation Model

Previously, approximate correction factors for molecular
radiation had been developed?; but it is now believed that these
factors overcorrect and for some molecular bands underestimate
the actual radiation. This belief is reenforced by experimental
measurements made in molecular radiation dominated shock
flows which exhibit a radiation intensity peak behind the shock
front in conjunction with the predicted electron temperature
peak. Thus, significant depletion of all of the excited molecular
states, as predicted by the theory of Ref. 3, is not expected.
Consequently, new improved molecular correction factors for
molecular nonequilibrium radiation have been developed.

After examining various approaches, a quasi-steady ap-

proach similar to that of Ref. 6 has been developed which
computes the electronic state populations associated with the
radiating molecular bands. Specifically, for N3, the populations
of the X, A, B, a, and C states are computed; while for No* the X,
A, B, and D are included. This approach has been incorporated
into the flowfield and radiative transport code; and there is no
assumption concerning the existence of equilibrium between ex-
cited molecular states and atoms as there was in Ref. 3. Thus, in
this new molecular model, both source functions and absorption
coefficients associated with molecular band radiation are modi-
fied for nonequilibrium effects. However, in this quasi-steady
approach there is the inherent assumption that the rates used to
determine the state populations are compatible with the overall
rate chemistry. For the molecules, it is believed that the various
rates are reasonably well known and that this inherent assumption
is satisfied.

In general, results indicate that for the N, Birge-Hopfield -
band the correction factor for the absorption coefficient is
frequently near unity but that for the corresponding source
function it is quite small in the nonequilibrium portion of the
shock layer immediately behind the shock front. Since the
absorption coefficient depends upon the number density of the
absorbing state and the effective source fuction is proportional
to the ratio of the populations of the emitting and the absorbing
states, this behavior is what would “normally” be expected. For
the No(BH) band, emission is from high excited states, which
should be depleted by nonequilibrium effects, and absorption is
to the ground electronic state, whose population density sould be



closely predicted by a Bolizmann distribution. Likewise Np(1+)
typically displays only a slight comrection (from unity) for the
source function but a significant decrease from that predicied
using Boltmann distributions in the absorption coefficient. This
rend is also “expected” since N2 (1+) involves two excited states,
B and A. On the other hand, while the absorption coefficient
factor for N(2+) is similar 1o that for N, (1+), the source function
for Na(2+) is typically significantly reduced in the chemical and
thermal nonequilibriumregion behind the shock front, indicating
that pre-dissociation is significantly depleting the population of
the C electronic state.

The most interesting result, however, is that the No*(1-)
radiation is usually only slightly affected by nonequilibrium
phenomena, This result is in agreement with experiments which,
at least at lower velocities, have indicated a strong Na*(1-)
contribution. However, since the number density of N,* is often
only significant in the region immediately behind the shock front,
any Np*(1-) radiation should originate from that reglon This
feature will be discussed further in the Tesulis section.

Another interesting phenomena associated with the molecu-
lar nonequilibriumradiation is that often in the thermal boundary
layer near the wall, several of the factors accounting for LTNE
exceed unity and become large. This behavior indicates an
overpopulation of excited states above values which would be
predncted by a Boltzmann distribution when intuitively an equilib-
rium distribution might be expected due to the increased density
near the wall. However, the thermal boundary layer is often in
significant nonequilibrium since the chemical reaction rates are
finite and cannot keep up with the true local equilibrium, which
leads to atom and sometimes ion concentrations above local
equilibrium. In addition, diffusion tends to perturb the species
population densities-and leads to atom and ion densities above
equilibrium values, which in tun creates enhanced molecular
excited state populations. This enhancement, however, does not
lead to increased radiative emission near the wall; and in fact,
probably due to the lower electron-electronic temperature in that
region, it does not, for the cases examined, appear to affect the
radiative heat transfer. Thus, in the present studies limitations on

the molecular nonequilibrium correction factors have not been
imposed.

Nonequilibrium Atomic Radiation Model

~ Local thermodynamic nonequilibrium effects (LTNE) on
atomic radiation are also computed by applymg correction
factors which account for thc ‘deviations in state popu]auons

from Boltzmann distributions to the absorption coefficient and
source function values utilized in the radiative analysis. Such
atomic LTNE definitely exists in the chemical nonequilibrium
region immediately behind the shock front!=3:87 where, due
1o ionization via excited states, the populations of the electronic
states will be lower than predicted by anLTE assumption using the
ground state. Likewise, in regioﬁs of recombination the reverse
processescan lead to state populations above those obtained using
LTE.

The current model, which should probably be termed a first
order approximation, has been presented previously in Ref. 1-3

and similar models have been used for monatomic gases8— 1%,
Briefly, this model assumes that atomic ionization proceeds by
excitation from the three low ground states (for nitrogen) to the
high excited states followed by rapid ionization. Consequently,
the model assumes that excitation from the ground states to the
higher states is a rate limiting step for the ionization process
and that the excited states, because of their energy proximity to
the ionized state, are in equilibrium with the free electrons and
ions. With this approach, for example!~3, the atomic nitrogen
LTNE correction factor, which represents the ratio of the actual
population in an excited state to that which would exist for a
Boltzmann distribution, can be written as

Ny+ N.Q%ezp(169000/T,) (1)
NNQ;H Qe

This factor is usually less than one in mmzauon reglons and
canbe greater than one in zones mvolvmg extensive deionization.
For the resuhs presemed later it was usually apphcd wnh no
restrictions.

In contrast, Park12 and Kunc et al'® handle atomic LTNE
by using a quasi-steady analysis in which, while rate processes
between all the bound stares and between the bound states and
the xomzed state are assumed finite, they are assumed to be fast
relative to changes induced by the flowfield. Thus, atany point in
a flowfield an equilibrium between the states will exist which is
pérmrbed from a Boltzmann distribution due to radiative effects.
Kunc et al have performed calculations in which they specify the
electron temperature and the total number of charged particles
(defined as two times the number of atoms plus the number of

jons plus the number of electrons), leaving the actual number of

ions and free electrons to be determined as part of the unknown
populations.

~ Park, on the other hand, in the apphcauon of his method®
assumes the number of ions and electrons to be given by a
flowfield solution. Under this approach, a non-Boltzmann
distribution can be achieved even in the absence of radiation,
if the number of ions and electrons differs from equilibrium. To
be totally correct, however, the excitation and ionization rates
associated with each level must overall be consistent with the
jonization rates used in the flowfield solution.

~ Obviously, the present first order approach and those of Park

and Kunc et al represent the extremes of modeling LTNE atomic -

phenomena. While the present first order approach is sunphﬁed
in its assumption that the rates between the excited states and the
free ions and electrons are infinitely fast (i.e. local equilibrium),
it does directly couple the predicted excited state populations to
the flowfield and, unlike the detailed quasi-steady approaches,
it is not computationally intensive. In addition, the latter are
sensitive to the choice of the individual rates; and it is difficult
to know whxch rate to adjust when comparing with experimental
results and attempting to improve the comrelation. Finally, the
present model when coupled with a compatible electron impact
ionization rate has been shown to yield good agrecmem with
experimental ionization distances!.
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and the existence of ambipolar dif! fusion. However, it might be
important at some of the lower AFE velocities. It should be noted
that Egs. (4) is equivalent 10 that presented by Ref. 14 and 15.
However, it differs slightly from that presented in Ref. 1 and 16
in that the latter contain the additional terms

Electron-Electronic Energy Models

. For the present studies, three different electron-electronic
energy models have been used and investigated. The first, termed
the quasi-equilibriumelectronenergy model (QEE), is essentially
a free electron energy model in which all derivative terms in the

l |
i

NI |

rn

e 0"

r

electron energy equation are neglected; and it can be expressed
as :

2
‘. ytr .U
weht - wc—z_ = chr + Qc (2)

where the €., lerms account for elastic collisional effects and Q..
represents inelastic effects due to chemical reactions involving
electrons. It should be noted that the term w,u? /2 isusually very
small and can be neglected. This model was previously presented
in Ref. 1, which contains additional details. The second is termed
the quasi-equilibrium electron-clectronic energy model (QEEE)
and is similar to the first model in that it computes the electron
lemperature assuming quasi-equilibrium. However, it explicity
accounts for the effect of elastic and inelastic collisions on the
energy contained in electronic states of each species as well as
the free electron energy; and, thus, the resulting temperature is
truly representative of electron-electronic energy. The resulting
equation is

'u'Jgh‘: + th,h: - ‘d’cl;: = Zfer + Q. (3)
v r

where the term 3, w.h¢ accounts for the production and
depletion of electronic energy due to chemical reactions.

The third model utilizes a combined electron-electronic
energy differential equation which includes the effects of
convection, conduction, and diffusion, in addition to the
production and loss of electron energy through elastic and
inelastic collisions. The current full electron-electronic energy
equation for the stagnation line is

aT. o (- 9T. 3 p. \ T,
pucc,—— 7= \TMe3 | ~ Decy 7—— | 3
Pgn On (ﬂ Bn) (ZP ?-Bn p) an

ap‘ . ir N e
—ua— + .k, +Ew,h, (4)

n
=z€er +Q¢

where

€ T
[ = c;'.gp— + X,:C;'f; (5)

In this equation, the viscous work terms have not been
included due to the fact that they are of lower order. In
addition, radiation effects on electron-electronic energy have
been neglected as have diffusion effects on the form of the
collisional energy exchange, £.,. The latter are expected to be
small in most cases due to the rapid dissociation of molecules

Lou? U dp.

We - + U, B
which arise as a result of the differences in the derivation of
the species energy and momentum equations. It is believed that
these additional terms occur as a result of using the more detailed
approach of Chapman and Cowling!?. In any event, these two
terms are expected to be small, and their neglect in the present

studies should not affect the results.

When Egs. (4-5) are expressed in three dimensions and
transformed into the viscous shock layer coordinate system they

become

9*T. aT. oT. aT,
Ao—a;,—-i-A-lE;-fAzTg + As +A433—+A5—a$' =0
(6)
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and h, and h3 are geometric factors for the axisymetric coordinate
system.

This full electron energy equation is integrated into the VSL
code by setting up the terms in the same form as those for the
global energy equation and then solving the equations using the
existing routine for solving the global energy equation. In the
cascade order of solving the governing conservation equations
typical of VSL methods, the electron energy equation is included
folowing the global energy equation, which is where the QEE
or QEEE equation is normally included. Initially, the electron
energy equation was not well behaved when solved in this manner
primarily due to the large order of magnitude of the elastic and
inelastic exchange terms, which, since they are nonlinear, were
originally included explicitly in the calculations. Consequently,
to provide iterative stability, these terms have bcen linearized as
follows:

(GRYT* =R + (17 = 72) (o))

™) (36") (10)

Another item which needs to be considered in modeling
electron-electronic energy is the proper boundary condition on
electron temperature at the wall. In most past analyses!+13, it has
been assumed that at the wall the electron temperature is equal
to the wall temperature. Since the heavy particle temperature
is also assumed equal to the wall temperature at the wall, this
approach effectively assumes that the electron temperature is
equal to the heavy particle temperature. At first, this approach
seems reasonable and follows the philosophy that in the thermal
boundary layer near the wall the flow should be near equilibrium
and collisiondominated. However, in the thermal boundary layer
the chemical rectionrates are finite and often cannot keep up with
local equilibirum. Thislag combined with diffusion leads to atom,
ion, and electron densities above equilibrium values and in turn
enthanced excited state populations. In addition, as can be seen
in the electron-electronic energy equation, ionic recombination
yields an increase in electron energy and tends to force the
electron temperature above the heavy particle temperature.

Further, since almost all walls are catalytic to ions and
electrons, there exists a thin plasma sheath adjacent to the wall
across which a potential develops in order to maintain zero charge
flux at the sheath edge. Since the thickness of the plasma sheath
is negligible in comparison to that of the wall thermal layer,
the edge of the sheath can be construed as being physically at
the wall. Thus, the proper wall boundary conditions on the
continuum equations should be obtained by matching the particle
description in the plasma sheath to the corresponding continuum
description at the wall. Examination of appropriate sheath models
shows that continuity of electron energy flux requires

aT.
e n T eUehe
(T’ on é )n:O

= 28T, + e2]) &

;c’ ezp (’kl;fl) (11)

E8H =¢0 (17 -

where the sheath potential is determined by enforcing charge
neutrality at the sheath edge. Further analysis indicates that
the heavy particle species, being in good contact with the wall,
should be at the wall temperature. An approximation of this

type of electron boundary condition has been incorporated as an

option into the present full electron-electronic equation model,
Since the present flowfield formulation does not include
vibrational nonequilibrium, the above electron-electronic energy
models do not include vibrational-electronic coupling. While this
phenomena should not be important at higher entry velocities due
lo the rapid dissociation of diatomic species in and near the shock

front, it could be i unponam at lower veIocmés Thus, efforts are”

in progress to include vibrational nonethbnum and vibrational
electronic coupling; and these will be reported in a later paper.

Dlscussmn of Results

Several sets of results obtained using the above methods and
models are presented in this section. In all cases, results are for
the stagnation streamline, utilize ninety-nine points between the
shock front and the wall, and, for simplicity, assumne a nitrogen
freestream. The nonequilibrium chemistry model is similar to
the Case I set of Ref’. 1 and is shown in TableI, and it should be
representative of high témperature radiating air. For diffusion, the
approximate multi-component model of Ref. 18 has been used
with a Lewis number of 1.4. Since in a high temperature ionized
diatomic gas, charge exchange and ambipolar effects cause atoms,
jons, and electrons to all have to a first approximation similar
diffusion velocities, such a gas should be dominated by only

two diffusion velocities, that of the molecules and that of the .

atoms, jons, and electrons. Thus, the present model should
adequately represent the diffusion phenomena present, including
multi-component effects. In addition, except for the Fire 2 cases,
the wall has been assumed to be radiatively black, noncatalytic
to atomic recombination, fully catalytic to ionic recombination,
and at 1650°K. This value, which corresponds approximately
to the maximum possible for a nonablating surface, has been
used for convenience and to illuminate cool wall phenomena.
However, it is recognized that for many cases of interest the heat
transfer load will be more than adequate to induce ablation and to
raise the wall temperature to significantly higher values. Finally,
in all cases, unless stated otherwise, shock slip is assumed,
coupled nongray radiative transfer has been included, and local
thermodynamic nonequilibrium effects have been accounted for

using the molecular and first order atomic models described

above.

Fire 2 Cases

In order to ensure that the present method and models are
reasonably correct and appropriate, results have been obtained
for five trajectory points along the Fire 2 entry profile covering
the time period from 1634 through 1637.5 sec. These points were
selected because they encompass a period of the flight involving
extensive chemical and thermal nonequilibrium and changing
radiative behavior. These results have been computed assuming
a fully cawalytic wall at the wall temperature measured in flight,
and the full electron-electronic energy model has been used in
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conjunction with an approximate wall sheath boundary condition
on the electron temperature. Slip conditions have been enforced
at the shock; and the correct wall absorptivity and reflection
properties of the wall, as described in Ref. 19 and 20, have been
included.

Figures 1 and 2 show temperature and concentration profiles
for two of thesc trajectory points. At 1634 seconds (Fig. 1), as
evidenced by comparing the “coupled” and “uncoupled” profiles,
radiation cooling/coupling is insignificant; and, as can be seen on
the temperature and species profiles, the flow never approaches
a chemical equilibrium siation. Further, extensive thermal
nonequilibrium exists in the region behind the shock front and
also in the thermal boundary layer. The latter results from the
sheath boundary condition on electron temperature and three
body ion recombination which adds energy to both the free
electrons and the excited electronic states. Interestingly, results
obtained by forcing T, to equal T, at the wall yielded only
slight differences in heating and the flowfield structure, with the
exception of the electron temperature profile near the wall.

By 1637.5 seconds (Fig. 2), the temperature profile seems to
indicate that the post shock nonequilibriumregion only comprises
about twenty percent of the layer and that much of the flowfield is
in equilibrium. However, while thermal equilibrium is achieved
near y/yshock of 0.75, careful examinationreveals that ionization
equilibrium is not reached until about y/yshock of 0.55. Further,
as indicated by the temperature decrease and changes in species
concentrations, radiation coupling/cooling is evident throughout
much of the shock layer. These phenomena can be seen more
easily on Fig. 3 which portrays the enthalpy behavior along the
stagnation streamline. The profiles show that radiation cooling
is significant for 0.2 < y/yshock < 0.6. While not shown, the
degree of ionization in this region also decreases due to the loss
of energy by radiation.

In Fig. 4, the present predictions for various heating rates
are compared to the flight data. In flight, a total calorimeter
measured the sum of the convective heating plus that portion of
the radiative heating absorbed by the gage, whichis indicated by
the QC + ALPHA *QRline on the figure. The present predictions,
indicated by the open squares, are in reasonable agrecement with
the flight data; and, while not shown, the present predictions for
convective heating are in excellent agreement with corresponding
predictions of Ref. 21-23. The high value at 1634 seconds is
typical of theoretical predictions; and, since this conditions is
dominated by convective heating, the difference may indicate
that at this point the wall (or gage) was not fully catalytic. This
possibility is suggested by the results of Ref. 24, which obtained
good correlation with Fire 2 data by not assuming fully catalytic
walls.

Also shown on Fig. 4 are comparisons for radiative heating
to the wall for two wavelength regions, .02 - 6.2 eV whichis in
the visible and infrared, and 2 - 4 eV which primarily should be
due to Ny *(1—) emission. For the latter case, the flight data (Ref.
19-20) exhibited extensive scatter, and this is indicated on the
figure by the cross-hatching. The present predictions in the 2-4
eV rangeare within the data scatter at early times and slightly low
at the later times, while the predictions for the visible and infrared
regions are low throughout the times considered. However, the

data do appear to have the correct trends.

At first glance the radiation predictions appearing on Fig.
4 are distrubing duc to their underprediction. However, the
Fire 2 data is a single experiment, and thus must be viewed
with care; and the present results arc for a nitrogen freesteam
and not air. While it is generally true that equilibrium nitrogen
and equilibium air will yield almost identical wall radiative
heating rates if they are at the same temperature and pressure,
identical freestream conditions will yield for the Fire 2 cases
cooler equilibrium temperatures for nitrogen than for air. For
example, for the 1637.5 sec case, the equilibrium temperature
for a nitrogen freestream would be 10555°K while for an air
freestream it would be 11021°K. This small 4.5% difference,
however, leads to a radiative heating rate for air 60% higher
than that for nitrogen. Since the present results were obtained
matching freestream conditions on velocity, temperature, and
pressure and not post shock conditions, the present radiative
heating predictions should be below the flight values, particularly
at the later times where the flow is approaching equilibrium. As
can be seen on Fig. 4, this situation is indeed the case.

To further test this conjecture, a case was run using a slightly
different freestream velocity and pressure that were designed to
match the 1637.5 case in air. While this test was not completely
successful in that the resultant temperature was still slightly
low, the radiative heating results from this case, shown as solid
symbols on Fig. 4, are higher and closer to the flight data.

To further identify the characteristicsof the radiative heating
of Fire 2, the stagnation point radiative flux is presented on Figure
5 as a function of energy (frequency) for two trajectory points. On
this plot, the line and continuum contributions are plotted jointly.
Also, for convenience, the line radiation is presented for lines
that are close together as an average value over an appropriate
width. It should be noted, however, that in the actual calculations
the lines are treated individually using appropriate line shapes.

As can be seen, at 1634 seconds most of the radiative flux
is in continuum radiation between 2 and 4 €V and in infrared
lines, with about 20% of the total being from lines. In fact, for
this condition seventy percent of the predicted stagnation point
radiation is below 6.2 ¢V. In contrast, by 1637.5 sec there is
extensive line and VUV flux; and the character of the radiation
has changed so that 53% is from lines and only 43% of the total is
below 6.2eV. However, at all trajectory points there is extensive
radiation in the 2-4eV range. '

- Based upon these comparisons with the Fire 2 flight data,
it is believed that the present method and models are reasonable
and appropriate. Thus, they should be useful in studying a wide-
variety of entry vehicle flowfield situations.

AFE CFD Point 2

This condition corresponds to what is often referred to
as the “max Q" computational point for one of the initial
AFE trajectories at which the freestream velocity, pressure, and
temperature are 8.915 kim/sec, 15.715 dyne/sq cm,and 197.101°K
respectively. For this case the nose radius has been assumed to
be 2.3 meters, and the electron temperature was required to equal
the heavy particle temperature at the wall.



The results, presented on Figs. 6(a) and 6(b), were obtained
using the quasi-equilibrium free electron energy model without
the electron impact molecular dissociation reaction, and profiles
obtained with both fixed and slip shock jump conditions using
a Lewis number of 1.4 are portrayed. As shown, the electron
temperature rapidly rises behind the shock front and equilibrates
with the heavy parnicle temperature. However, as evidenced
by the continual decrease in temperature and the variations in
composition across the shock layer, the stagnation flow for this
case is always in chemical nonequilibrium. Also, the wall
thermal layer comprises approximately twenty percent of the

12.2 cm thick shock layer. For this case, the convective heating

was 13.55 watts/sq ¢, the total radiative heat flux 10 the wall was
1.56 watts/sq cm, and radiative cooling effects were insignificant.

With respect to temperature, the effects of slip versus fixed
shock jump conditions seem to be confined to a small reglon
immediately behind the shock front. However, the impact on
concentrationand particularly on total enthalpy are significant. In
fact, the total enthalpy profiles clearly show that the fixed shock
boundary condition results in an incorrect value for enthalpy
in the interior of the shock layer, leading to incorrect species
concentration values. Interestingly, when a Lewis number of one
is used with the fixed shock boundary conditions the emhalpy
profile appears 1o be correct and when a value less than unity
is used, the enthalpy is high in the flow interior. However, for
the shock slip condition, the enthalpy profiles are unaffected by
Lewis number. Since a Lewis number of 1.4 is more appropriate
for describing atom molecule diffusion, which is the dominant
diffusion mechanism in this flow, and since the enthalpy ratio in
the flow interior in the absence of significant radiative cooling
should be unity, these results demonstrate the importance of using
slip shock boundary conditions at these conditions.

Since at these conditions, vibrational nonequlhbnumshould
also be important, it is planned in a future paper to present resulis
which include vibrational nonequilibrium. Also, it should be
noted that since the results shown on Fig. 6 are for a nitrogen
freestream, the radiative heating values in air, based upon the
Fire 2 data, will probably be slightly higher.

AFE CFD Point 4

AFE vehicle at which the freestream conditions are 9.326 km/sec,
26.4 dynes/ sq cm, and 200°K. Stagnation line temperature and
concentration profiles are presented on Fig. 7, which compares
results obtained using the quasi-equilibrium electron-electronic
model (QEEE)including the electron impact dissociation reaction
with those using the quasi-equilibrium electron (QEE) energy
model only. The primary effect of using the QEEE model
is more extensive thermal nonequilibrium and a lower electron
temperature through much of the shock layer. Also, the combined
effect of electron impact dissociation and the QEEE model leads
10 a more dissociated flow having slightly different N2 and No*
profiles.

However, the most significant difference in the two models
is the radiative heat transfer. For the QEEE case, the lower
electron temperature yields a total radiative flux of 1.18 watts/sq

cm, a shock standoff distance of 11.96 cm, and a convective
heating of 25.8 watts/sq cm. For the QEE model it is 2.91
waltsfsq cm., 11.89 cm, and 25.7 walts/sq cm respectively.

Fig. 8(a) shows the stagnation point continuum and line
radiation distributions predicted with the QEEE model. In
the actual radiative transfer analysis, lines are considered and
integrated individually, but they are presented on Fig. 8(a) as
average values for various linc groups for convenience. While
there are many infrared line groups and some in the ultra-violet,
the line contributions are negligible compared to the continuum.
Also, most of the continuum radiation (about 90%) is in the
visible and infrared below 6.2 eV; and most of that is between 2
and 4 eV. At these conditions, this radiation is due to the Ny *(1-)
band. In addition, there is some continuum contribution in the
ultra-violet, probably due to nitrogen free-bound processes and
N,(BH) bands.

Fig. 8(b) shows the same mformauon as Fig. 8(a) except
each line.is shown individually. Many of the VUV lines above
10 eV are absorbing in their line centers, but the IR lines
are essentially transparent and appear to be strongly emitting.
However, line radiation at this condition is insignificant compared
to the continuum contribution.

As pan of this study computations were also conducted
using the QEE model without including molecular LTNE effects;
and the resulting radiative heat transfer result was 8.90 watts/sq
cm. Obviously, molecular LTNE is important at AFE conditions
and leads to lower radiative heating. Examination of the
results indicate that the LTNE induced by chemical and thermal
nonequilibirumdrastically reduces radiation from the N2(1+) and
N,(2+) -bands and significantly decreases that due to No(BH).
However, Na*(1—) is virtually unaffected by chemical and
thermal nonequilibrium phenomena. Thus, on Fig. 8, the
primary stagnation point radiation is in the conunuum between 2
and 4 eV and is from the Np*(1~—) band.

At shock speeds below 10 km/sec, shock tube radiative
intensity photomultiplier mesurements indicate a sharp rise
to a peak immediately behind the shock front followed by
a decrease until equilibrium is achieved?®. Similar results
have been obtained computationally for nonethbnum flows
for the visible region of the spectrum assuming the gas to be
rransparent’. Fig. 9 shows for the present QEEE model the
variation along the stagnation line of radiative flux towards the
stagnation point, QR+, and its negative derivative, -D(QR+)/DY.
The latter is essentially what Candler” and others have termed
radiation intensity. As can be seen, -D(QR+)/DY is similar to

observed photomulnpher traces in having a peak near the shock 7

front followed by a steady decrease towards the wall. For this
case, no equilibrium plateau is achieved since the flow never
reaches chemical equilibrium prior to the wall thermal boundary
layer. (The oscillations near the wall are an artifact due to
significant digit error resulting from providing the plot routine
formatted data. The actual curve is smooth.) Comparison with the
temperature plots indicates that the “intensity” peak corresponds
to the maximum value in electron temperature; and near the
wall the “intensity” is negative, indicating absorption. However,
as shown by only the slight decrease in QR(+), the amount of
absorption near the wall is negligible at these conditions.
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High Speed Mars Return Case

In a recent paper?®, results have been presented for the
stagnation linc of a one meter nosc radius body at a trajectory
point of 14.5 km/scc at 65 km, which is representative of a high
speed earth entry return from Mars. These results include
chemical nonequilibrium, thermal nonegquilibfium assuming
that the vibrational, electronic, and electron lemperatures
can be represented by a single temperature, and uncoupled
nonequilibrium radiation. The investigators obtained for this
trajectory point an uncoupled radiative heating rate of 1700
watts/cm?, a shock standoff distance of 5.7 cm, and 2 post-shock
chemical nonequilibriumzone 1.1 cm thick in which the electron-
electronic vibrational temperature never significantly exceeded
the equlibrium temperature. They also stated that most of the
radiative heating was from the ulra-violet below 2000 A, that
it originated from the nonequilibrium region behind the shock
wave, and that very little was absorbed in the wall thermal
layer. The latter is different from previous beliefs by some
researchers® but is in agreement with approximate studies®. In
addition, separate results were obtained for the same case with
an equilibrium viscous shock layer method?? that used a coupled
radiation model similar to RADICAL; and these predicted a
standoff distance of 3.5 cm and a radiative heating rate of 970
watts/cm?.

As a result of these differences, the ‘present model using
the full electron-electronic energy model with LTNE effects
and a partially catayltic wall has been applied to this case;
and temperature and jonization profiles are presented on Fig.
10. Here, the predicted: shock standoff distances are 392
cm and 3.67 c¢m for the radiatively uncoupled and coupled
cases respectively; and most of the shock layer is in chemical
equilibrium. The difference in the standoff lengths between
the present results and the nonequilibrium result of Ref. 26 is
believed to be primarily due to the electron temperature profile
and its subsequent effect on chemistry. In Ref. 26 T, is low in
the region behind the shock front, possibly due to the combining
of electron-electronic with vibrational phenomena. However,
the present results show significant dissociation at the shock
front with diatomic species being insignificant over most of the
shock layer and ionization dominating the chemistry. Thus,
in the present case the full electronic-electron energy model is
strongly influenced by collisional and jonization phenomena;
and 7., significantly exceeds the equilibrium temperature in the
nonequilibrium zone. Since the dominant jonization mechanism
behind the shock front is electron impact! which is governed
by free electron temperature, this enhancement of T, accelerates
jonization, shortens the chemical nonequilibrium zone 0 about
0.3 cm, and decreases the overall shock layer thickness. However,
as expected, the present thickness prediction is greater than that
for the equilibrium case discussed above. 1t should also be noted
that the difference between the present results and those of Ref.
26 show the strong sensitivity of solutions to electron temperature
models at such trajectory points. o

Results obtained with the present model predict the
stagnation point radiative heat rransfer for the case without
any radiation gasdynamic coupling to be 2831 watts/em?, which

is higher than that of Ref. 26. Comparison of the speciral
variation of the stagnation point radiative flux indicates that the
present results have significant radiation above 11 eV, primarily
due to free-bound continuum processes, while those of Ref. 26
have little or no flux in this region. Since both methods treat
lines in detail and since both have previously been shown to be
in reasonable agreement in the visible and infrared, it appears
that the differences are primarily due 10 the treatment of atomic
continuum radiation in the vacuun ultraviolet. It should be noted
that the present radiation model has for equilibrium conditions
shown good agreement with experimental data over the total
spectrum?3, Further, the present results indicate that most of
the radiation originates from the high temperature equilibrium
portion of the shock layer in the range 0.4 < y/yshock < 0.9
and not from the post-shock nonequilibrium zone. In the latter,
chemical nonequilibriuminduces extensive local thermodynamic
nonequilibrium and depopulates the excited states rapidly via
jonization with the result that very little radiation originates in
the nonequilibrium region.

Moreover, the radiation coupled results for this case indicate
significant radiation cooling, as evidenced by the decrease in
radiative heating to 1347 watts/cm? and by the steady decrease
in temperature and ionization throughout the equiilbrium zonel®,
Further, while the equilibrium coupled prediction for this case
was only 970 watts/em?, it is probable that the difference
between it and the present prediction is due to the influence
of reaction chemistry, differences in assumed wall catalycity, and
the amount of absorption in the wall thermal layer. Basically,
equilibrium chemistry should predict more molecules and hence
more absorption. This possibility is supported by the equilibrium
results which indicate that the wall thermal layer absorbs about
329, of the wall directed flux while in the present model only
about 20% is absorbed. Thus, while most of the shock layer
is in chemical equilibrium, nonequilibrium effects may still
be important and affect the radiative heating; and, obviously,
radiation cooling is important for this case and needs to be
included in an analysis model.

Velocity Effects at 80 km

Results have also been obtained for a 2.3 meter nose radius
vehicle for three different velocities, 12, 14, and 16 km/sec, at
an altimde of 80 km. These velocities are, depending upon -
the trajectory chosen, within the possible range of entry speeds
associated with certain Martian and Lunar return vehicles.

The temperature and composition profiles for the 12 km/sec -
case are shown on Fig. 11; and, as shown by the continually
decreasing temperature and the variation in the N* concentration,
the entire shock layer at this flight condition is in chemical
nonequilibrium. Immediately behind the shock front, which is
11.5 cm from the wall, the electron-electronic temperature slowly

risesto a peak value and then gradually equilibrates withtheheavy .

particle temperature. In the wall thermal layer, which compriseé
about 20% of the shock layer, deionization and recombination
processes are important. For this case, when radiative coupling
and LTNE effects are included, the radiative heat transfer is24.3
walts/cm? and the convective rate is 33 watts/cm?.



The temperature and composition profiles for the 14 km/sec
case are shown on Fig. 12. Since the frecstream velocity is
higher, the post-shock nonequilibrium zone is shorter thanat 12
km/sec, occupying only the outer 30-40% of the 9.1 cm shock
layer. The electron-electronic temperature rises rapidly and
pcaks at a value several thousand degrees above the equilibrium
temperature, and the wall sheath representation only affects the -
electron temperature in a small zone near the wall. For this case
the convective heating is 56.4 waus/cm and the radiative flux is
110.7 watts/cm?. Interestingly, especially when compared to the
AFE cases, only about ten percent of this radiative heating is due
to molecular processes.

As part of this study, several cases were also conducted at
this condmon usmg the quasi- equxhbu‘um electron—electromcand
between the models was that Lhe peak in electron Lemperature
was slightly higher and slightly further from the shock front with
the exact model than with the quasi-equilibrium models. This
behaviorhas been observed at freestream velocities of 12 km/sec
and higher and is in sharp contrast to the trends displayed at the
AFE velocities. At the higher velocities there are more electrons
and the flow is dominated by ionization processes. Consequently,
the electron-electronic energy is dominated by the free electrons.
At the lower AFE speeds, there is very little ionization and the

electronic energy portion dominates the combination. Thus, the -

shape and character of the electron temperature profiles appears
to be significantly different at the higher velocities than at AFE
speeds.

The spectral variation in radiative heat flux to the wallat 14
km/secis shown onFig. 13(a), where the contributionsdue to line
and continuum processes have been combined and the convenient
representation of lines as group averages has been utilized. Here,
the heating due to continuum and lines is similar in magnitude
with extensive infrared and UV lines as well as significant VOV
bound-free processes. In fact, only about twenty-eight percent
of the wall flux is from the visible and infrared below 6.2 eV.
Notice that a measureable portion of the visible radiation is
between 2 and 4 eV and is due to N»*(1—) molecular radiation.
Nevertheless, while this type of presentation is informative and
useful, especially for continuumradiation, the characteristics and
number of lines is not evident on this type of plot.

As mentioned previously, the actual radiative transfer
analysis treats lines individually, and Fig. 13(b) displays the
same information but with each line shown separately. From this
representation, it is evident that in the visible and infrared the
line radiation is primarily ransparent. However, in the VUV,
many of the line centers are highly absorbing with most of the
line emission reaching the wall originating from the line wings.

In contrast to results below 10 km/sec, shock tube
photomultiplier results at higher speeds show that the radiative
intensity peak behind a shock front changes from a single peak
10 a double hump peak system?S.. Experimental spectral data
indicates that the first is due to molecular radiation near the
shock front while the second is atomic radiation coupled to the
ionization process. Figure 14 shows for the 14 kan/sec condition
theoretical predictions of the radiative flux towards the wall,QR+,
and the negative of its derivative, -DQR(+),DY. As discussed

previously, the latter is closely related to radiative intensity.

The present profile clearly exhibits this double hump
behavior. The first peak corresponds to the maximum value
of the electron temperature, while the second occurs at the
onset of thermal equilibrium and the establishment of near
Boltzmann distributions in the excited states. Subsequently,
radiative cooling occurs and the “intensity” rapidly decreases.
During this period, examination of the species concentrations and
of LTNE phenomena indicates nonequilibrium recombination is

induced with resultant overpopulation, compared to a Boltizmann -

disuibution, of the excited states. Around y/yshock of 0.3 the
flow begins to absorb more than it emits and QR+ begins to
decrease. However, as shown by the QR+ profile, which only
decreases slightly between 0.3 and the wall, the absorption in the
wall thermal layer only results i ina mild decrease in QR+ at this
condition.’

The temperature and composition profiles at 16 km/sec are
shown on Fig. 15, and the cormresponding predicted radiative
and convective heating rates are 272.6 and 87.3 waits/cm?
respectively. Here, the electron temperature rises very rapidly
and peaks near 20,000°K, confirming the trend that as speed
increases, the peak electron-electronic temperature increases in
magnitude and occurs nearer to the shock front. Likewise,
again due to the increase in velocity, the nonequilibrium zone is
shorter at about 20-25% of the 7.5 cm shock layer. Finally, on
Fig. 15 notice that radiation cooling effects induce both atomic
and jonic recombination starting near the end of the post-shock
nonequilibrium zone and continuing all the way to the wall.

-The effect on the temperature and ionization profiles of
including radiative gasdynamic coupling in the flowfield and local
thermodynamic nonequilibrium effects in the radiation is shown
for the 16 km/sec case on Fig. 16. The curves denoted uncoupled
do not include either radiation cooling or LTNE phenomena and
indicate for this case that nominally the nonequilibrium post-
shock zone and the wall thermal layer each affect about 20%
of the shock layer. For this case, the shock standoff distance
is 8.16 cm. However, when radiation coupling is included but
LTNE is excluded, the shock layer thickness is reduced to 7.15
cm due to the lower temperature and increased density. The
resultant profiles, designated as uncorrected, show that without
LTNE effects significant cooling occurs in the nonequilibrium
region with corresponding decreases in the electron and heavy
particle temperatures and in the apparent length of the relaxation
zone. Further, radiative losses through the shock front from the
high temperature nonequilibrium zone reduce the total enthalpy

forty percent, which leads to a cooler equilibrium zone having-

less than half the ionization of the uncoupled case.

Fortunately, when both radiation coupling and LTNE effects
are included, the radiative losses are much less. As shown on the
curves denoted as corrected, the corresponding temperature and
ionization variations in the nonequilibrium post-shock region are
only slightly affected since in that region the radiative losses are
low due to LTNE effects. However, once equilibrium is nearly
established around 0.8, radiative cooling becomes the dominant
feature, the temperature steadily decreases, and the degree of
ionization rapidly decreases. Obviously, at these conditions both
LTNE phenomena and radiation coupling are important and need
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1o be included.

A graphical summary of the 80 km radiative heating results
is presented as Fig. 17, and several interesting features are
evident. First, the inclusion of LTNE significantly affects the
predicted radiative heat transfer at all three flight velocities,
independent of whether or not radiative coupling is included.
Second, the amount of radiative cooling is lower in the LTNE
corrected predictions as compared to the LTE uncorrected flows;
and, third, when both phenomena are properly included, radiative
cooling ranges from relatively minor at 12 km/sec to significant
at 16 km/sec.

Finally, for all three flight velocities, the predicted radiative
heating is significant compared to the convective heating; and,
in the 16 km/sec case, the radiative heating is about three times
the convective value. Since it is anticipated that advanced heat
shield materials can withstand 70 watts/cm? without ablating,
these results indicate that at 80 km non-ablative heat shields
possibly could be used up to about 12.5 km/sec.

Altitude Effects at 16 km/sec

In order to investigate altitude effects and to use the model
under a situation on a vehicle where most of the shock layer is in
equilibrium, results have been obtained for the 2.3 meter body at
16 kmysecat 75 and 72 km as well as at 80 km. Since the resultant
profiles do not exhibit any new phenomena, they are not shown.
However, as the pressure increases with decreasing altitude, the
post-shock nonequilibrium chemical relaxation zone decreases
significantly so that by 72 km it only encompasses about five
percent of the shock layer: :At that condition, the present model
predicts a shock layer thickness of 7.05 cm, and radiative and
convective heating rates of 1064 and 209 watts/cm®.  Also,
since the extent of nonequilibrium decreases with altitude, LTNE
phenomena decrease and have a minor affect on the coupled
radiative heat transfer predictions by 72 km. However, as shown
on Fig. 18, radiative coupling/cooling is important at all three
altitudes and increases as altitude decreases. Interestingly, the
coupled results at 72 and 75 km, which have nearly equilibrium
shock layers, are in excellent agreement with the equilibrium
radiative heating predictions of Ref. 28. However, ‘the present
nonequilibrium radiative predictions at 80 km are higher than
those of Ref. 28 atboth 14 and 16 km/sec.

Conclusions

In this paper an engineering flowfield model suitable for
analyzing the stagnation region of high altitude entry vehicles
having extensive nonequilibriumhas been presented. This model
includes nonequilibrium chemistry, multi-temperature, viscous,
conduction, and diffusion effects. Tt also includes coupled
nongray radiative transfer in a form that contains the effect
of local thermodynamic nonequilibrium phenomena resulting
from chemical and thermal nonequilibrium on the emission and
absorption characteristics of atoms and molecules. The boundary
conditions include multi-temperature shock slip and a partially
catalytic wall having frequency dependent radiative properties.
After comparing with Fire 2 flight data, which verified that the
model has the correct behavior and is reasonably accurate, it has

been applied to a variety of cases including 1wo AFE trajectory
points, a condition representative of the high speed return from
Mars of a small vehicle, a series of points at 80 km for velocities
12 10 16 km/sec, and a study of the effects of altitude at 16
km/sec. Based on these results the following conclusions can be
stated:

(1) Shock slip phenomena is important at all conditions
investigated
(2) Radiation cooling/coupling is important for many
cases. Specifically,
(a) Tt is measureable even in the early portions of the
Fire 2 wrajectory.
(b) It is a minor effect for the AFE conditions
investigated.
(c) At80 km, it is small at 12 kan/sec, important by
14 km/sec, and the dominant phenomenaat 16
km/sec at all altitudes.
(d) Itis very important for the high speed Mars return
case.
(3) Radiation heat transfer should be included and varies
as to source. Specifically,
(a) In the early stages of the Fire 2 entry, the radiative
transfer is primarily molecular and infrared lines.
Later, atomic VUV continuum and line radiation
becomes very important.
(b) For the AFE radiation, while small, is important
and primarily molecular, (N2*(1-)).
(c) At 12kmy/sec and above radiation is a significant
portion of the total heating and is primarily due
to atomic processes. By 14 km/sec it is dominant.
(4) Local thermodynamic nonequilibrium is important and
should be included in all models. In addition,
(a) LTNE depopulates the excited states of atoms and N2
molecules in the post-shock nonequilibrium region.
() LTNE can lead to an overpopulation of excited
states in regions of radiative cooling and in the
wall thermal layer.
(¢) Ny*(1-)is relatively unaffected by LTNE.
(d) Its importance is independent of radiative coupling.
(e) The inclusion of LTNE reduces the magnitude of
radiation cooling effects.
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Reaction A B _E

N;+N =2N +N 4085x10%* | -1.5 | 113000
N,+N; =2N +N, 470 %107 | -0.5 | 113000
N,+N+t=N,t+N 2.02 x107? 0.8 13000
N+N =Njt+e™ 1.40 x10* | 0.0 67300
N +e~ =Nt +2e~ 4.160x10'* | 0.5 } 120000
N+N =N +Nt4e— | 234 %101 | 05 ] 120000
N +Nt=2N+t+e~ 2.34 101! 0.5 | 120000
Na+e™ =2Nt+e~ 3.00 x10?% | -1.6 | 113100
Rates in the form ky = A TB exp(-E/T).

T = T, in electron impact reactions.

Table 1. Reaction Rate System
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Effect of Electron Temperature and Impact Ionization on
Martian Return AOTYV Flowfields

Leland A. Carlson* and Thomas A. Gallyt
Texas A&M University, College Station, Texas 77843

Various cleclroﬁ impact i}infiitiﬁn models in conjutic(ion with a qulsiéquilibﬁum electron tcmpera(ure model

aeroassisted orbital transfer vehicle (AOTV). For the conditions consxdereﬂ, L’ —12 km/s at 80 km, both
multitemperature inviscid and viscous results indicate that a two-step ionization impact model predicts ioniza-
tion distaaces in agreement with experimental data, that nonequilibrium chemistry and radiation effects are
important throughout the stagnation zone, and that the quasiequilibrium electron temperature model is reason-
able. Also, using a nongray emission-absorption radiation step model, it is shown that nonequilibrium causes a
reduction in radiative heating from that predicted for equilibrium conditions and that, compared to an adiabatic
wall, 2 cool wall (1650 K) resylts in a 28-45% reduction in radiative heating due to absorption near the wall.

Introduction

[ N the future, various space programs will be conducted
that will require the efficient return of large payloads to
low Earth orbit (LEQO) from missions to the moon or planets
such as Mars. To accomplish this task, the return vehicles will
utilize aerocapture techniques that will involve re-entry and
deceleration at high altitudes, and to design these vehicles, a
thorough understanding of the physical phenomena will be
required. Because of the high altitudes associated with aero-
capture, the vehicle flowfields will be dominated by chemical,
thermal, and radiative nonequilibriurn phenomena, which in
many cases have not been extensively studied since the Apollo
era.! Recently, as a result of the Aeroassisted Flight Experi-
ment (AFE) program, results have been presented for aerocap-
ture flowfields in the range of 7.5-10 km/s (Refs. 2-7). These
results have demonstrated the importance of nonequilibrium
phenomena in this flight regime.

However, for a Martian return vehicle the minimum nomi-
nal Earth entry velocity is approximately 12 km/s and the
vehicle might be required under certain conditions to be ablc
to operate and survive at Earth entry sgeeds up to 16 km/s.*
At these higher velocities, the nonequilibrium phenomena will
be different from those associated with the AFE vehicle. In the
stagpation region, for exgmple, nonequilibrium should be
dominated by electron impact ionization processes instead of
dissociation reactions; extepsive thermal nonequilibrium in-
volving at least three temperatures (h¢avy particls, vibra-
tional, and electron) will exist; and the radiative heat transfer

- may be significantly affected by local "thermodynamic .

nonequilibrium gr nonequilibrium radiation effects. In addi-
tion, the electron temperature and nonequilibrium chemistry
will be strongly coupled, and this coupling will influence the
radjative heat transfer to the vehicle. Furthermore, at the

Presented as Paper 89-1729 at the ATAA 24th Thermophysics Con-
ference, Buffalo, NY, June 12-14, 1989; received July 13, 1989;
revision received Dec. 18, 1989. Copyright © 1990 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved.

*Professor, Department of Aerospace Engineering. Associate Fel-
low AIAA.

tResearch Assistant, Department of Aerospace Engincering. Stu-
dent Member AIAA.

higher end of the velocity range (14-16 km/s), the radiative
transfer and the flowfield gasdynamics will be coupled due to
the signjficant energy losses assocxatcd with radiation cooling.
Currently, séveral different engineering models and reaction
rates have been postulated for electron impact ionization
chemistry, all of which depend on the accurate prediction of
electron temperature. The purpose of the present effort is to
examine these different electron impact ionization models us-
ing flowfield results obtained from both inviscid and viscous,
nonequilibrium chemistry, multitemperature computational
models. By comparing the results with each other, the conse-

quences of using a specific model can be determined. Further-

. more, by comparing these results with experimental data, a

suitable ionization model for the stagnation region can be
determined.

Problem Formulation

Flowfield Models

In this study both inviscid and viscous flowfield representa-
tions have been utilized. For the inviscid calculations an im-
proyed version of a previously developed® nonequilibrium
chemistry axisymmetric inverse method based on the work of
Grosse® has been utjlized as the basic Euler equation' flow
solver. This method permits arbitrary chemistry, includés op-
tions for a'variety of vibration dissociation coupling models,
and, in the compuytation of radiative transfer, accounts for

nongray gas spectral and local thermodynamlc nonequi-

librium phenomena. For the present effort jt has been Turther
modified to include an glectron temperature mode] and both
one- and two-step atomic ionization models. ]

Since at the high altitudes and low densities of interest in
aerocapture both viscous phenomena and wall thermal
boundary-layer effects will be important, calculations have
also been obtained using a modified version of the NASA

Langley nonequlhbnum chemxlsgr“y viscous shock-layer code
VSL3DNQ, which is an axisymmetric version of the SHTNEQ
code described in Ref. 10. Like the inviscid code, this viscous

shock-layer (VSL) method has also been modified to includc

atomic ionization formulations. In addition, it has been com-
biped with a nongray emission-absorption radiation model to
permit the computation of radiative heat transfer. However,
the effects of radiation gasdynamic coupling due to radiation
cooling have not yet been included in the VSL formulation.
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Electron Impact Tonization

At conditions of interest for Earth return from Mars, the
nonequilibrium chemistry region behind the bow shock will be
dominated by ionization chemistry. Initially, ions will be pro-
duced, via reactions involving NO* and N,' and precursor
photoionization, but once significant dissociation has oc-
curred and reasonable amounts of atomic nitrogen and oxygen
arc present, the atoms will directly ionize in collisional reac-
tions. Of these the most important are the electron impact
reactions:

N+e =N* +e +e- (1a)
O+e " =0" +e +e~ (1b)

since they can induce electron avalanche and, thus, strongly
affect the length and character of the noneguilibrium zone.

The classical model for these reactions uses standard forms
for the species production terms, reaction rates, and equi-
librium constant. This approach essentially assumes that the
ionization mechanism proceeds via a one-step process, and a
widely used set of reaction rates for these reactions consists of
the following:

ForN+e  =N*+e” +e™,

ky = 1.1 x 1027, 3" exp (— 169,000/T,) 2
ky =2.2 X 1097, 45 3)

where k; and k, are the forward and reverse rate coefficients
based on the local electron temperature 7.
ForO+e =0*+e +e-,

kp=3.6x 10°'T,~ 2% exp(—~ 158,000/T.) . (4
ky = 2.2 x 109743 ®)

Following normal practice, it is assumed that in these reac-
tions the governing temperatures are the electron tempera-
tures, These rates were presented by Kang et al.!! as part of an
extensive reaction chemistry set, and results using this set
yielded good agreement with electron probe measurements on
the flank region of the RAM-C flight vehicle experiment. Both
recombination coefficients, Egs. (3) and (5), have the form
resulting from elementary'? and variational theory three-body
collision theory,'’ and the coefficient is near the upper bound
determined by Makin and Keck." In fact, several figures in
Ref. 11 are labeled “‘Results are for upper-bound reaction rate
coefficients for de-ionization reactions.*’

Similar recombination rates were also used in reflected
shock-tunnel nozzle flow investigations of C* recombination
and O;f and N dissociative recombination in which good
results were obtained.'*'6 However, as noted by the investiga-
tors, these experiments may not have been sensitive to these

reactions since in one case the leading coefficient in Eq. (3)

was varied by plus and minus two orders of magnitude with no
effect on the data.!s Also, these laboratory and flight experi-
ments were for flows dominated by recombination and at
lower electron densities and temperatures (2500-8000 K) than
those that are of interest in the current investigation. Thus,
although not establishing the validity of these rates for the
present conditions, these experiments do not indicate that they
are incorrect.

However, Park!'”:!® measured the nitrogen ionic recombina-

tion rate at a nominal temperature of 10,000 K using an arc
plasma wind tunnel and obtained values that corresponded to
a recombination rate of :

ky = 5.02 x 1097,32 (6)

which is in reasonable agreement with the value of Kang et
al.'" He also suggested that the forward rate be obtained from
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10" PAR!&:MJ & XANG ET AL BASED
ON RECOMBINATION EXPTS.
[0
=10 ™
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- FROM PARK EXPT (68) —=
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Fig. 1 Comparison of forward rate constants for N+e- =N+
+e~ e,

the equilibrium constant, K, via
Keq=ke/ky @)

Both the Park forward rate corresponding to Eq. (6) and the
Kang et al. forward rate given in Eq. (2) are plotted in Fig. 1.
As can be seen, the agreement between the two rates over the
range of electron temperatures of interest in the present study
is good.

Now it should be recognized that, for the high temperatures
of interest in the present effort, three-body deionization re-
combination will include significant electron capture into low-
lying levels and collisional de-excitation should be rapid.!? In
addition, although the atomic electronic excited state popula-
tions may be in a Boltzmann distribution during recombina-
tion [i.e., local thermodynamic equilibrium (LTE)], at T,
experimental evidence!® indicates that many of the excited
state population densities may not be in equilibrium with the
number density of free electrons. As will be discussed later,
this nonequilibrium with the free electrons during recombina-
tion is in contrast with the behavior that can be assumed to
occur behind a shock wave during ionization.

Recently, Park®* used a two-temperature ionizing air model
and obtained good agreement with shock-tube, shock-tunnel,
and flight measurements of phenomena immediately behind a
shock front and/or in the stagnation zone and forward face
region of blunt bodies. For these studies several of the reaction
rates were adjusted in order to yield good comparisons with
experimental data, and the forward rates for the reactions in
Eq. (1) are considerably different from those given by Egs.
(2-7). These rates consist of the following: ’

ForN+e  =N*+e  +e,

ky=2.5x 10¥T, 38 exp( — 168,600/T) (8)
ForO+e~ =0* +e~ +e-,
Ky = 3.9 x 1087, >™ exp( — 158,500/ T.) ©)

and the forward rate for atomic nitrogen electron impact
ionization is plotted in Fig. 1. Note that it is almost two orders
of magnitude smaller than the rates based on recombination.
The second model for atomic ionization is an engineering
approximation based on various theories involving the ioniza-
tion of argon?®? and the application of these theories to
nitrogen and oxygen.25-2 This approach assumes that atomic
ionization is not a one-step process but proceeds via a two-step
chain involving excitation to an excited state followed by rapid
ionization controlled by the local charged particle concentra-
tions and the electron temperature. This concept applies not
only to electron impact ionization but also to heavy particle
tonization involving atom-atom and atom-ion collisions.
Unfortunately, because of the two-step process, the usual
mass production rate formulation is not completely adequate.
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For example, assume that the atom-atom ionization process
proceeds as follows:

N, +M=N"+M (10)
N¢=N*+e~ (11)

where N* refers to atomic nitrogen in an excited state. By
assuming that the first step is rate determining, that dN*/d¢ is
approximately zero, and that the ground state concentration
approximately equals the atom concentration, kinetics yields
the rate of species mass production per unit volume &, to be

WNe, oral = MN{ A/ [INGNIMT — &, [IN*YM] ) + ane e (12)

where k; and k, are for Eq. (10), brackets denote concentra-
tion, 9, is the molecular weight of species 5, and the subscript
11 refers to Eq. (11). However, by assumption,

WN* total = 0

so that
One = — My & [N JIM] — &, [N*][M] ] (13)

But k; and &, are related by the equilibrium constant for Eq.
(10):

g*exp (—E*/kT) _lﬁ
gg kb

Kq=

where g is the degeneracy of the indicated energy level E, and
k is the Boltzmann constant. Thus, Eq. (13) becomes

et = — Ty TN, 1M1 {l _ By TP (E‘/kT)[Nt]} (14)

8*[N;]

At this point, a rate expression relating the excited state to the
ions and free electrons could be introduced instead. However,
based on experimental evidence for monoatomic gases,!® it
can be assumed as an approximation that the excited states of
nitrogen are in equilibrium with the free electrons and ions at
the electron temperature. Thus,

NeNN+ Q}eql+ Qc- EXp (—X/ch)
= a1s)
NN‘ g‘

where X is the ionization potential from the excited state, Q'
is the electronic partition function of species s, and Q. _. is the
partition function for the electrons defined by

2xm kT \32
Q- =2\

where £ is the Planck constant and m, is the electron particle
mass. Substituting Eq. (15) into Eq. (14) and noticing that

@11 = (M/My)one 1t
yields, for M =N,

E X
g €Xp <kT + E_)A Vie"JIN*]

Gon = 21— 16
e = Mk AN 1 0._0%. N (18

where AV is Avogadro’s constant, and the subscript 11 is
replaced by the incident particle for the two-step reaction, M.

ELECTRON TEMPERATURE AND TMPACT IONIZATION 11

A similar analysis for M = N* jonization yields

Gen o = Tk INIIN* |

E* X
o% exp( )A Ve J[N*]

kT kT
0.-0%, IN] (7

x| 1-

whereas, for electron impact ionization, M = ¢~ the result is

I
& exD(k_T,)A Vie JIN*]

= Mk Hi1-
sINIe™] 0._ 0%, IN]

(18)

Similar expressions could be obtained for atomic oxygen ion-
ization.

Notice that the production rates involving heavy particles
(atoms and ions) are governed by both the electron and the
heavy particle temperature, whereas the production rate for
the atom-electron reactions involves only the electron temper-
ature but has the classical form. Furthermore, the forward
rate coefficient is for the limiting step and only uses the energy
of the assumed excited state and not the ionization energy.
Wilson,? using the work of Petschek and Byron,?” assumed
that the rate-limiting step in the ionization process was the
excitation of the atoms to the level involving the largest energy

- jump, i.e., to the 3s*P for nitrogen and to the 3s°S state for

oxygen, and they proposed a form for the excitation rate. It
should be noted that for oxygen and nitrogen this rate-limiting
step is for the temperatures of interest here and differs from
that used in Ref. 13, which was only 2.5 eV below the ioniza-
tion level.

Using this theory, Wilson obtained good agreement with
shock-tube data for ionization distances behind shock waves
in air. Subsequently, these forms were used to deduce rates
that were used to study nonequilibrium radiating phenomena
behind reflected shock waves?® and the AFE stagnation re-
gion.$

Thus, based on the theory and results presented in Refs.
24-26, reaction rates consistent with the two-step approximate
model given by Egs. (10-18) consist of the following:

ForN+e  =N* +e” +e”

ks = 4.16 x 10T exp( ~ 120,000/ T,) a9
ForO+e =0*+e~ +e~
ky = 5.49 x 10°T2? exp( — 104,500/ T,) 20)

For N+N=N*+e- +N and N+N*=N*+e-
+N*+,

ky =234 x 10" 7% exp(— 120,000/ T) 2n

The forward rate given by Eq. (19) is also shown in Fig. 1
and is in reasonable agreement with the ionization rate of
Park.* As can be seen, both of the rates associated with
ionization processes are considerably slower than those de-
duced from recombination experiments and theory. However,
the difference might be due to fundamental differences in the
processes involved. In the shock-tube case the process is dom-
inated by forward ionization, and in the rate derivation it was
assumed that the excited states were in equilibrium with the
frec electrons and ions. In the shock- and arc-tunnel experi-
ments, the chemistry is dominated by recombination, and, as
mentioned earlier, there is experimental evidence'® that during
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recombination the excited states may not be in equilibrium
with the free electrons.

Electron Temperature Model

Besides chemical nonequilibrium, it is possible for a par-
tially ionized gas to have regions of thermal nonequilibrium
between electrons and the other heavier species. Such thermal
nonequilibrium occurs because the rate of energy exchange
between electrons and heavy particles is very slow due to the
large mass differences in the species, and it is characterized by
different free electron and heavy particle temperatures. Since
atomic ionization and radiative transfer are dependent on and
strongly coupled to the electron temperature, accurate models
for computing it are essential.

Over the years a variety of models for determining the
electron temperature have been presented*$20-23.26.28-33 (ha¢
differ in detail, level of complexity, and ease of solution. All
of these start from the equation representing conservation of
electron energy, which can be written as

D(ph d
(pche) qc+pchc<a_'u>
r

D«
+[c] [ I' ]_NeXc'Ue

D(u)
plUe-—— +--

Dt ar

_D(@.)
Dt

u?

—We = —.E (Ee}+U Pq;)+Qc (22)

If Bremmstrahlung and viscous stress effects are ignored,
this equation becomes, showing only one dimension for sim-
plicity,

aT. ,
pat, e e O (—x, —) +;; (oeUehe)

ax dx dx ax
d u? e
sy 9 ca L oy,
+“’ehe he ax (P:Ue) w, 2 ax
s
+ E. (8o + UcPe) + Qe ‘ (23)
JI:

where the first term on the right side represents the effect of
external forces and is obtained from the electron momentum
equation; the second term accounts for the rate of energy gain
by electrons due to elastic encounters because of thermal
motion of the particles; the third term represents the energy
gain resulting from elastic encounters because of the relative
fluid motion of the electrons; and the last term represents
energy change due to inelastic encounters. The velocity U, is
the electron diffusion velocity.

In the past, several investigators,”2*% using the full elec-
tron energy equation, have obtained results which indicate
that when significant ionization is present in the postshock
nonequilibrium zone the electron temperature is essentially
constant at a value 10-15% above the theoretical equilibrium
temperature until the heavy particle temperature falls to that
value. After that, the two temperatures are essentially the
same. Obviously, the use of such a constant temperature
would simplify the electron temperature calculations, and this
approach has been used in approximate flowfield solutions®'-3
and was considered for the present study. However, prelimi-
nary calculations demonstrated the difficulty of selecting a
priori an appropriate effective constant electron temperature,
and this approach was abandoned. ‘

Another approach successfully used in the past for AFE
flowfields*® is to assume that the nitrogen vibrational temper-
ature and the electron temperature are equal and to combine
the electron and vibrational energy equations. This method is
based on experimental data® and theoretical calculations®*
which show that, near 7000 K, vibrational processes strongly
influence the electron temperature. However, for the condi-
tions of the present study, temperatures are normally above
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10,000 K, dissociation occurs rapidly behind the shock froat,
and the concentration of N, is very low over most of the
nonequilibrium zone. Thus, vibration electronic ‘coupling
should not be significant, and this approach was not utilized in
the present study.

Another model that has been used in the past’®>¥ is the
““quasiequilibrium approximation,”” in which all derivative
terms are neglected in the electron energy equation. If it is
further assumed that the charge exchange cross section be-
tween atoms and ions is sufficient to ensure that they have the
same diffusion velocity and, due to rapid dissociation, that the
concentration of diatomic molecules is low over most of the
shock layer, then diffusion terms can also be neglected. Thus,
Eq. (23) becomes

ut S
d’chc — ? = ,E] Ecj + Qe (24)

Since vibration electronic coupling has been neglected, the
inelastic term Q. is composed of effects due to chemical reac-
tions involving electrons. When an electron is created by an
electron-atom reaction, the electron that caused the ionization
will lose energy equivalent to the ionization potential E; plus
the energy of the created electron, which on the average is,
say, €,,. The original electrons will rapidly equilibrate by
elastic collisions and will have collectively lost energy E; + €,,.
The equilibration between the original electrons and the newly
created one will not affect the energy per unit volume since it
only involves a transfer of energy from one particle to an-
other. Thus, the net energy loss from an electron atom ioniza-
tion process is E;, and the total is @ Ef/m..

Similarly, every time an atom-atom ionization occurs, an
electron of average energy €4, is created, and the total energy
gain for these processes is & 44€44/M.. This is also the case
for atom-ion ionization. Thus,

d)’ME, ‘:’,AAC ‘;’.A Cays
Qc="' e ¥ <, AA + e, Al “A (25)

me me me

For the present conditions, however, the electron-atom pro-
cess should be the dominant ionization mechanism and the last
two terms should be negligible.2!:?6 For the parts of the flow-
field where the other reactions are important, the concentra-
tion of electrons should be low enough that any error resulting
from neglecting them in Eq. (25) should be small. Thus, only
the first term of Eq. (25) need be retained.

General forms for the elastic interaction terms have been
derived using collision integral theory in Ref. 36. Since diffu-
sion effects are ignored in the quasiequilibrium model, these
interaction terms can be reduced to

£ = [(mT)%/m;1S;N.N;(1.03478 x 10-B(T —-T) (26)

where centimeter-gram-second units are assumed; terms in-
volving m. have been dropped relative to heavy particle
masses; and S,; is the collision cross section between electrons
and species j.

By substituting Egs. (25) and (26) into Eq. (24), dropping
the small term involving u2 and rearranging, an approximate
equation for the free electron temperature is

1.23357 x 10~
Te=T-——Gaoi
T SX{e " 1m,
. . .S
X wc‘cNEIN + wevcoE,O + w, 5 kT¢ (27)
where

SX = NNScN + NOScO + Nyt Sens + Neo « Sco +

+ V2(Nn, + No,)Sess
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Note that this equation is nonlinear since the cross sections are
functions of translational and electron temperature as well as
concentrations and that the various production rates also de-
pend on both temperatures. In the present study an iterative
method for solving this equation has been developed and
included in both the inviscid and viscous flowfield solvers.

Chemistry Models

Since the primary objective of the present effort is to use
multitemperature flowfield models to investigate the effect of
different impact ionization models, the reaction chemistry
schemes have been kept as simple as possible. For air, the 10
species, 11 reaction model shown in Table | has been used.
Although this scheme is not as complete as some others (Ref.
11, for example), it should be adequate for the present study.
In addition, numerical experiments were conducted using for
the nitrogen dissociation reaction a series of reaction rates that
varied by several orders of magnitude. For the conditions
investigated, no significant effects on the ionization processes
were observed.

However, since the air model did not contain all possibili-
ties, particularly with respect to dissociation and oxygen ion-

ization, results have also been obtained assuming a pure nitro-

gen freestream. At the conditions of interest, nitrogen is a
reasonable representation of nonequilibrium radiating air,
and more details can be included using a smaller number of
species and reactions. The nitrogen reaction chemistry set
consisting of five species and eight reactions is shown in Table
2. Notice that charge exchange is included.

In general, with the exception of the atomic ionization
reactions, the rates shown in Tables 1 and 2 are similar to
those used by other investigators.626-3%:3 and are in the form

k/'b =ATB €Xp (—E/T)

As noted in the tables, computations involving the one-step
jonization models and the rates in Egs. (2-5) will be termed
case |, and those using the two-step ionization model and the
rates in Egs. (19) and (20) are case 2.

Vibration Dissociation Coupling

It is well established that, in general, vibration dissociation
coupling strongly influences the dissociation of diatomic
molecules.4® However, at the temperatures and velocities as-
sociated with the present study, dissociation occurs rapidly,

and the influence of vibration dissociation coupling on the.

ionization processes is small. To confirm this, numerical ex-
penments were conducted with the inviscid flowfield model
using vibrational equilibrium, coupled vibration- dissociation-
vibration (CVDV) coupling, and modified CVDV (MCVDV)
coupling, and no significant differences between the resuits
regarding the ionization processes were observed. Conse-
quently. in the inviscid flow solver, the MCVDYV model devel-
oped in Ref. 6 has been used. This coupling model includes
corrections to the Landau-Teller relaxation time correlation to
prevent unrealistically short relaxation times at high tempera-
tures and accounts for the diffusive nature of v1brat10nal
relaxation at high temperatures.*

In its original form the viscous shock-layer code,
VSL3DNQ, did not contain any vibration dissociation cou-
pling model. Since the inviscid studies indicated that, for
conditions associated with Earth entry return from Mars,
vibrational coupling effects were small, the VSL code has not
been modified, and all viscous calculations have assumed vi-
brational equilibrium.

Radiation Model

At the lower velocities associated with the Earth return from.

Mars of an aeroassisted orbital transfer vehicle (AOTV), i.e.,

12 km/s, radiative heat transfer and associated self- absorption
effects should be important, but the total radiative losses from
the flowfield should be sufficiently small so that there is not
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Table 1 Air reaction system

Reaction A B E Direction
0;+M=20 +M 1.19x 1028 —~1.5 59,380 Forward
NO+M=N +0+M 5.18x 102! —1.5 75,490 Forward

2.27%x 1020 —1.5 0 Backward
1.00 x 1012 0.5 3,120 Forward
7.00x 1013 0.0 38,016 Forward
1.80x102" —1.5 0 Backward

Nz+M=2N +M
N+0;=NO +0
N; +0=NO +N
N+O=NO* +e~

N+N=N* +e~ 1.40x 1013 0.0 67,800 Forward
N+N=N +N* +e~ 2.34x10" 0.5 120,000 Forward
N+N+=2N*+ +e- 2.34x 10 0.5 120,000 Forward

N+e =N+ +2¢-
O+e-=0* +2e-

Eqgs. (2) and (3) for case 1, (19) for casc 2
Eqs. (4) and (5) for case I, (20) for case 2

Table 2 Nitrogen reaction system

Reaction A B E Direction

Nz + N2=2N +N; 4.70x 107 ~0.5 113,000 Forward
N; + N=2N +N 4.085%x 1022 —1.5 113,000 Forward
N+ M=2N +M 1.90x 107 —0.5 113,000 Forward
N+ N+=N2* +N 2.02x10" 0.8 13,000 Forward
N+N=N* +e- 1.40x 103 00 67,800 Forward
N+N=N +N++e-  2.34x10'" 0.5 120,000 Forward
N+N+=2N* +e™ 2.34x 10" 0.5 120,000 Forward

N+e- =N+ +2e~ Eqgs. (2) and (3) for case 1, (19) for case 2

L,

any significant radiative gasdynamic coupling. Thus, once a
flowfield solution has been obtained for a given reaction
chemistry system, the flowfield solution can be used to com-
pute the body radiative heat transfer. In the present study, the
tangent slab approximation has been used, the wall surface is

assumed to be nonemitting and nonablating, and precursor

effects are assumed negligible. Also, an eight-step nongray

absorption coefficient model based on the work of Olstad¥
and similar to that used in Ref. 6 has been used. However, it
has been modified to yield, under equilibrium conditions,
results with respect to both magnitude and spectral distribu-
tion that in general agree with RADICAL, the NASA Langley
version of a detailed radiation program documented in Ref.
38. Based on a series of calculations, these modifications
consisted of a reduction in the effective absorption cross sec-
tions in the frequency range of 6.89-10.98 eV, which is com-
posed not only of continuum radiation but also several impor-
tant lines. This step model has yielded reasonable engineering

results for AFE flowfields® and, in conjunction with an ap-~

proximate flow solver, has correlated well with the Fire 2
flight experiment.>*

A spectral comparison between stagnation-point radiative
heating predictions obtained using the present eight-step
model and RADICAL is shown in Fig. 2. These results were
obtained using the viscous flow solver with 99 points between

the shock and the wall, case | rates, and assuming an adiabatic

wall, and almost the entire shock layer for this case was in
chemical and thermal equilibrium. The presence of line contri-
butions is evident in the RADICAL results by the tall narrow
peaks on top of the continuum curveés in the infrared (0-3.1
eV) angﬁyltravmlct (8-12 eV). Since the radiative heating to
the wall is the area under these curves, it can be seen that, in
general, the two models agree quite well, and, in fact, the
results are within 15% overall. {Note that the vacuum ultravi-
olet (VUV) band in the eight-step model that starts at 14.56 eV
actually extends to 31 eV.] However, the eight-step model still
does appear to slightly overpredict the heating in the range of
6.89-10.98 ¢V, and further improvements can probably still be
made. Nevertheless, particularly when computational effi-
ciency is considered, the modified eight-step absorption coef-
ficient model should be adequate for engineering and compar-
ison studies.

In addition, the prescnl ‘radiation model contains a method
for computing apprOXImate “correction factors that account
for the effects of local thermodynamic nonequilibrium
(LTNE). Such LTNE can exist in the chemical nonequilibrium
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Fig. 2 Stagnation-point radiative heat transfer from RADICAL and
eigh(-step model.

region immediately behind the shock front where, due to
ionization via excited states, the populations of the electronic
states may not be that predicted by an LTE assumption using
the ground state. The rationale behind these factors and their
derivation has been presented in Refs. 6 and 34, and similar
factors have been used for monoatomic gases.?>2 The inclu-
sion of radiation nonequilibrium effects is essential for accu-
rately predicting radiative heat transfer at high-altitude condi-
tions. 4634

Originally, these LTNE factors were expressed in terms of
the degree of dissociation and ionization,53 which were often
difficult to compute accurately. However, Greendyke® has
pointed out that they can be more simply expressed in terms of
the partition functions. Thus, the atomic nitrogen LTNE cor-
rection factor can be written as :

Ny + N.QOf! exp(169,000/T.)
NNQ§}+ Qe -

For radiation processes involving the ground state, this factor
is multiplied by the blackbody function for that region to yield
the effective source function, and the absorption coefficient is
unchanged. On the other hand, for processes involving excited
states, the factor is multiplied by the absorption cross section
to yield the effective absorption coefficient, and the source
function for that spectral region is unchanged. Additional
details are presented in Ref. 6, and similar forms can be
obtained for molecular radiation. P,

For cases where the reaction chemistry set is such that an
opposite rate is obtained from a forward or reverse rate in
conjunction with an equilibrium coefficient computed from
partition functions, the correction factor form given in Eq.
(28) is appropriate. This situation is the case with the two-step
ionization model, whose rates have been designated case 2. In
other words, in that case the factor predicted by Eq. (28) will
go to one as the flow approaches ionization equilibrium.

However, when the one-step ionization rates of Kang et al.!!
are used, case 1, the ionization equilibrium coefficient is deter-
mined by the ratio of the forward-to-reverse rates {Egs. (2-5)]
and not by partition functions. In that case the atomic nitro-
gen LTNE correction factor should be computed using

(28)

(Nn + N/ NNAVK 29)
and the equilibrium coefficient is given by

Keq=kplky = 5% 107°T}3 exp( — 169,000/ T,) 30)
If this approach is not taken, the factors will not approach one

as chemical equilibrium is approached, and ridiculous answers
may result.

J. THERMOPHYSICS

For viscous cases in which a cool wall is considered, recom-
bination processes will dominate in the wall thermal layer,
and, as mentioned earlier, there is evidence that during recom-
bination the excited states may not be in equilibrium with the
free electrons and ions and the electronic states may all bé
populated according to a Boltzmann distribution, i.e., in LTE
with the ground state. Consequently, in the wall thermal layer,
the radiation should be computed using the local electron
temperature and nonequilibrium species concentrations, and
the LTNE factors should not be used (or set to unity).

Discussion of Results

Inviscid and viscous results have becn obtained for the
stagnation region of a 2.3-m nose radius axisymmetric blunt
body for a freestream velocity of 12 km/s at an altitude of 80
km. This condition was selected because it is within the range
of possible Martian return trajectories, and yet the velocity is
low enough that radiation losses should be minor, at the most
a few percent, compared to the total flow energy. Thus, radi-
ation cooling and gasdynamic coupling effects should be
small. Each inviscid solution covers the region between the
shock and the body and from the centerline up to 10 cm above
the axis and is typically composed of over 10,000 computa-
tional points. Inviscid solutions using both air and nitrogen
freestreams have been obtained. Viscous solutions have been
obtained along the stagnation streamline for nitrogen
freestreams for adiabatic and cool wall situations. In both
cases the wall was assumed to be nonemitting and noncata-
Iytic, and in the cool wall case the wall temperature was
assumed to be 1650 K, which is representative of nonablating
heat shield materials.

Inviscid Results

Although flowfield properties along 21 different streamlines
in the stagnation region were actually computed, details will
only be presented for streamline C, which crossed the shock
front 1.5 cm above the axis. This streamline is shown in Fig.
3 as a solid line, along with several other streamlines, the
shock front, and the body. Depending on the reaction chemis-
try system, streamline C was typically composed of 700-2000
spatial grid points.

Figure 4 shows air results obtained using the one-step ion-
ization model with case 1 rates, the quasiequilibrium electron
temperature model, and MCVDY vibration dissociation cou-
pling. Although individual vibrational temperatures were
computed for N;, O, NO, NO *, and N;*, for clarity they are
not included on the plots. Immediately behind the shock:
front, the heavy particle temperature T is almost 70,000 K,
whereas the electron temperature T is at the freestream value,
180.65 K. Initially, T, rapidly rises to about 10,000 K, whereas
the heavy particle temperature falls sharply due to the rapid
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Fig. 3 Solution region for inviscid cases showing streamline C.
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Fig. 5 Electron mass production rate along streamline C, inviscid
case 1.

dxssocxatlon of Nz and O,. Subsequently, the electron tempcr-

ature gradually increases until it cqmllbratcs with the heavy
particle temperature,

As can be seen on the concentration profiles, in the region
immediately behind the shock front the concentration of
atomic nitrogen and oxygen rises extremely rapidly, indicating
that dissociation essentially occurs in the shock ‘‘front’” as has
been assumed in some approximate solutions.?3* Also N,
NO, and NO* peak rapidly and essentially *‘disappear,’” and
from a practical standpoint the entire nonequilibrium portion
of the flowfield is dominated by atomic ionization. Interest-
ingly, at the end of the equilibrium zone, the cornicentrations of
N+ and O* are similar. Furthermore, the heavy particle
temperature and [e "] profiles exhibit a change in curvature
around 2.5 cm, which is associated with the onset of electron
avalanche from the electron impact ionization reactions.

DISTANCE ALONG STREAMLINE { Cm )

Fig. 6 Species and temperature profiles for 2ir along stmmline C,
inviscid flow, case 2.
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Fig 7 Electron mass productlon rate along streamline C, inviscid

" The magmtude of thlS phcnomena is shown n Fig. 5, whic
portrays the total electron production rate [in g/(cm’-s)]TBr
this case. Although the plot is somewhat lackmg in detail since
_only approximately every twentieth point is plotted, it

seen that avalanche starts at aboug Iem gfé_qg_ the streaml
Apparently, by this point other ionization reactions
duced sufficient electrons, and the electron temperature has
risen sufficiently to permit electron impact ionization to dom-
inate. Both Figs. 4 and 5 indicate that for the case 1 rates the
flow equilibrates in about 4.5 cm. It should be noted that the
high electron production rate associated with the case 1 impact
ionization rates prevents the free electron temperature from
peaking and instead leads to its gradual rise until equilibrium
is attained. '

Inviscid results obtained using the two-step approximate
ionization model with case 2 rates are shown for air in Figs. 6
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and 7. The [N] and [O] profiles indicate rapid dissociation and
are similar to those with the one-step model shown in Fig. 4.
Likewise, the peak values for [N;' ]} and [NO *} are similar but
occur slightly later. The electron temperature initially rises to
about 14,000 K, after which it remains relatively constant until
it equilibrates with the heavy particle temperature. As can be
seen by comparing the values in Figs. 7 and S, the electron
production rate for this case is significantly lower than that for
the case 1 situatjon, and as a result the electron temperature is
higher over most of the nonequilibrium region.

The biggest difference, however, between the case 1 and
case 2 air results is in the behavior and length of the atomic
ionization region. After the initial dissociation, the decrease in
heavy particle temperature and increase in electron concentra-
tion is, by comparison, slow, and equilibrium is not achieved
until 11 cm along the streamline. In addition, the [N*] con-
centration is significantly higher than the [O*] value. This
latter difference is due to the fact that in this case the equi-
librium composition is determined from the equilibrium coef-
ficient computed by partition functions, whereas for the one-
step case 1 rates it is specified by the ratio of the forward and
reverse rates in Eqs. (2-5). At the present equilibrium temper-
atures, these two approaches yield equilibrium constants that
differ by an order of magnitude, with resultant differences in
final composition and temperatures.

In addition, Fig. 7 shows that the electron production rate
for the two-step ionization model is different from that for the
one-step case. Initially, electrons are created due to NO*,
N, , atom-atom, and atom-ion reactions, and the production
from these reactions rapidly peaks and then decreases. How-
ever, once [e~] becomes sufficiently high, electron-atom pro-
cesses become important, the electron production rate in-
creases, and electron avalanche occurs. However, since the
two-step electron-atom ionization rate is less, the process is
slower than in the one-step model and the time and distance to
equilibrium is longer.

It is believed that these inviscid results demonstrate that
predictions of ionization relaxation are strongly dependent on
the atomic ionization model and the electron impact ioniza-
tion rate.

04 08
ETA, Y/YSHOCK

Fig. 8 Stagnation streamline species and temperature profiles, vis-
cous case 1.
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Viscous Results

Using the nitrogen reaction chemistry set given in Table 2,
viscous results have been obtained for the stagnation stream-
line with the modified VSL3IDNQ code. In all cases, 99 points
have been used between the shock front and the wall, and
binary diffusion between molecular and atomic species has
been included. Unlike the inviscid solver, which primarily used
the partition function approach, the thermodynamic proper-
ties in the viscous solutions were computed using the curve fits
presented by Gnoffo et al.¥

Figure 8 shows temperature and concentration profiles for

the cool wall case (T, = 1650 K) for the case | electron impact
ionization rate, Notice that computational points have been
clustered in the region immediately behind the shock front
where nonequilibrium effects should be important and in the
region near the wall where thermal and concentration gradi-
ents could be large. In the outer portion of the shock layer,
these results are almost identical to the equivalent inviscid case
in that dissociation is rapid behind the shock front, the elec-
tron temperature ‘‘peaks’’ and then gradually rises to equili-
brate with the heavy particle temperature, and about two-
thirds of the shock layer is in chemical equilibrium. In
addition, the results show that the cool wall thermal layer
affects about 20% of the shock layer and that in this region
ion and molecular recombination processes are dominant. For
this case the shock standoff distance was 11.8 cm and the
computed convective heating rate to the noncatalytic wall was
46.7 W/cm?,
" Stagnation profiles for the two-step ionization model and
the case 2 electron impact ionization are presented in Fig. 9.
For the nonequilibrium zone behind the shock front, the dis-
sociation is rapid and N;' rapidly peaks and disappears; two-
thirds or more of the shock layer is affected by ionization
nonequilibrium relaxation. In addition, the relaxing tempera-
ture profile never reaches a constant plateau but smoothly
merges into the wall thermal layer. For this case the shock
detachment length was 12.0 cm and the convective heating was
44.4 W/cm?.

The electron production rate for this cool wall case is pre-
sented in Fig. 10. Although there are some differences between
this profile and the inviscid curve shown in Fig. 7 due to

Fig. 9 Stagnation streamline species and temperature profiles, vis-
Cous case 2.
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Fig. 10 Stagnation streamline electron mass production rate, viscous
flow, case 2.

0.0 0.2

differences in velocity along and location of the streamlines,
the overall pattern is similar. Initially, electron production is
high due to N," ionization, atom-atom, and atom-ion reac-
tions, and then it decreases. Subsequently, electron-atom ion-
ization becomes important, as evidenced by the plateau
around y/yshock of 0.8, followed by an approach toward
equilibrium. Unlike Fig. 8, no second peak appears in the
viscous profile, possibly due to diffusion effects and to the
influence of the charge exchange reaction. Also, the electron
production rate indicates that an equilibrium region is never
achieved along the stagnation streamline, but that the flow
simply transitions from an ionizing flow to one involving
recombination (negative production rates) in the wall thermal
layer.

Obviously, the different species concentration and tempera-
ture profiles between the case | and case 2 models and rates
will greatly influence the predicted radiative heat transfer to
the vehicle surface, since radiative heating depends on both
electron temperature and species concentrations. However, it
also depends on the extent of radiative nonequilibrium or the
degree to which the excited state populations are depleted due
to ionization. This nonequilibrium has previously been re-
ferred to as local thermodynamic nonequilibrium (LTNE) in
the discussion concerning the radiation model, and it can be
approximately accounted for via LTNE correction factors
such as those in Eqgs. (28) and (29). ~

Values for the correction factors for atomic nitrogen radia-
tion are shown in Fig. 11 for both the case ! and case 2 rates
and models. For the one-step case 1 model, the correction
factor is small in the chemical nonequilibrium zone, but then
it rises rapidly and is essentially unity through the rest of the
stagnation layer. Thus, for the one-step impact ionization
model most of the shock layer is in local thermodynamic
equilibrium radiatively. Similarly, the two-step case 2 factors
are also very small in the chemical nonequilibrium zone, but
they subsequently increase only slowly, and only very near the
body in the wall thermal layer do they become one. Hence, for
the case 2 flowfield, radiative nonequilibrium or LTNE effects
are very important. Interestingly, when the approximate tech-
‘nique of Ref. 34 is applied to this case, it also predicts that
most of the stagnation region is in LTNE.

In examining these results it should be realized that the
two-step ionization chemistry and LTNE radiation models are
approximate and are the most optimistic from the standpoint
of reducing radiation and the rate of ionization, since they
assume that the excited states are in equilibrium with the ions
and free electrons. In actuality, the rate of ionization from the
excited state, Eq. (11), may be finite, and the extent of LTNE
indicated by the case 2 results on Fig. 11 may be less. Thus, the
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Fig. 12 Stagnation-point radiative heat transfer for case 1.

two sets of results in Fig. 11 could be viewed as bracketing the
problem.

Stagnation-Point Radiative Heat Traasfer

The viscous stagnation streamline nonequilibrium flow-
fields have been used to compute the radiative heat transfer to
the wall. In all cases the wall has been assumed to be nonemit-
ting and nonablating, and results have been obtained for both
an adiabatic and the cool wall case. Considering the many
factors involved in the current models, these radiative heating
results should not be construed 3s definitive and should be
used primarily for comparison purposes and model develop-
ment until they have been verfied by more detailed models
and/or experiments. Nevertheless, these results do include
both the ultraviolet and the visible-infrared spectrum, emis-
sion and absorption phenomena, the variation of absorption
coefficients with wavelength, chemical and thermal nonequi-
librium, and radiative nonequilibrium. Thus, the present re-
sults include many effects not accounted for in other studies,®
which assumed the gas cap to be in equilibrium and transpar-
ent and only included emission in the visible and infrared (IR)
spectrum. o

Figures 12 and 13 present stagnation-point radiative heat
transfer for the present cases as a function of energy, and
several significant points are evident. First, there is an order of
magnitude difference in heat transfer both totally and in the
individual spectral regions between the one-step case 1 flow-
field and the two-step case 2 results. This difference is due to
the larger chemical nonequilibrium region predicted by the
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case 2 rates and the subsequent greater extent of the radiative
nonequilibrium zone. Second, for both ionization models
most of the radiation reaching the wall for the region below
6.89 eV (above 1800 A), which is often referred to as the
visible region since it is optically visible through quartz and
sapphire windows, is in the region below 3.1 eV and is due to
IR continuum and lines.

Third, the absorption effects of the cool wall thermal layer
may not be as great as previously hoped.>#3? With the present
data, the effect of the wall thermal layer can be determined by
comparing the cool wall results with the adiabatic wall values.
For the case 1 situation in Fig. 12, lowering the wall tempera-
ture to 1650 K reduces the overall radiative heating 28%, and
in the separate spectral bands the reduction is 22-25%, except
for the VUV band from 14.56-31 eV. For that band the
reduction is 61%, indicating that the far vacuum ultraviolet is
extensively absorbed in the cool wall layer. Likewise, for the
case 2 rates, Fig. 13 shows a reduction due to wall cooling of
46% in the total radiative heating. In this case, since the total
input is considerably less than that for the one-step model, the
thermal boundary layer has more of an effect. In the individ-
ual bands the reduction ranges from 39 to 44%, but again in
the 14.56-31-eV VUV band the reduction is large (72%).
Obviously, for both cases, although a cool wall significantly
attenuates the far VUV and somewhat reduces the heating
from other regions of the spectrum, significant radiative heat
transfer still reaches the wall. This trend is consistent with
previous approximate calculations at similar conditions.**

Fourth, there is significant radiative heat input to thg wall
from the spectral region above 6.89 eV (below 1801 A). In
fact, for both ionization models approximately 75% of the
total radiative heating is from this region. This result is consis-
tent with what has been observed and predicted for the Fire 2
experiment,’3-4! and it is also consistent with the shock-tube
experiments of Wood et al.*? Wood and co-workers conducted
measurements with and without a quartz window and deter-
mined that 50-75% of the total radiant intensity was from the
ultraviolet region of the spectrum. Interestingly, they also
concluded from their experiments that a cool boundary layer
would not absorb appreciably.

Comparison with Experimental Data

Based on the temperature, species, and radiative heat trans-
fer profiles discussed earlier, it is apparent that the choice of
ionization model and electron impact ionization rate greatly
affects the resultant predictions, and it would be desirable to
determine which model is more appropriate for blunt-body
calculations. Although there is almost no radiation experimen-
tal data at the present velocity and pressure conditions,
Wilson?® did make measurements of the ionization rate of air
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Fig. 13 Stagnation-point radiative heat transfer for case 2.
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behind shock waves having velocities between 9 and 12.5
km/s. By making IR measurements at around 6.1 g, he was
able to determine variations in electron density and thus the
ionization relaxation distances.

Consequently, the concentration and temperature profiles
for the present inviscid air data along streamline C have been
used to compute theoretical IR emission profiles similar to
those measured by Wilson for both the case 1 and case 2
models. These profiles are shown in Fig. 14 and have the same
general shape as the signals measured by Wilson. Following
his procedure the intercept with the equilibrium value of a line
drawn through the maximum slope of the rising signal has
been used to determine an ionization distance, denoted by the
vertical dashed line on the figure, for each ionization model.
Then the shock-tube data of Wilson have been used, account-
ing for differences in freestream pressure and for particle
velocity differences behind a normal shock and along stream-
line C, to determine an experimental ionization distance for
the present case. These distances are shown by the square
symbols on Fig. 14. The center symbol is the nominal value,
whereas the endpoints correspond to the data scatter and error

band limits indicated in Ref. 25. As can be seen, the agreement

between the shock-tube data and the prediction obtained using
the two-step ionization model and the case 2 electron impact
ionization rates is very good. Thus, it appears that a two-step
ionization model in conjunction with ionization reaction rates
based on forward processes should be used for the computa-
tion of nonequilibrium blunt-body flowfields associated with
Earth aerocapture from Mars.

However, this conclusion does not mean that the ion recom-
bination rates used by Kang et al."! or measured by Park!? are
in error. Unfortunately, there are many possible explanations
for the observed differences. First, there could be an error in
the experimental data® or its interpretation to the present
problem. Second, at the current electron densities and temper-
atures, the results of Hinnov and Hirschberg'® and of Bates et
al.® indicate that the effective recombination rate is not
strictly a function of electron temperature and that radiative
recombination is still significant. Thus, the flow may not be
totally collision-dominated. In such a situation, if a measured
or effective reverse rate were used via an equilibrium constant
to determine a forward rate, the resulting forward rate would
be too large. As pointed out by Park,'34.4 the effective
forward and reverse rates are only related via the equilibrium
constant if the flow is collision-dominated. Third, there is the
possibility'® that, in the region immediately behind the shock
front and due to the time scales involved, the forward and
reverse rates are not related by the equilibrium constant and
reasonable chemistry can only be predicted using a proper
forward rate. Fourth, there exists the possibility that the elec-
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Fig. 14 Theoretical emission profiles and ionization distances for
streamiine C.



JANUARY 1991 .+ -

tronic temperatures are not in reality the same as the free
electron temperature, and this fact requires the use of a differ-
ent set of rates. A discussion of this situation and also of the
details of atomic ionization are presented in Refs. 45 and 46.
Finally, as mentioned previously, there exists the possibility
that ionic recombination in a nozzle or arc tunnel is not the
direct inverse of atomic ionization behind a shock wave. If
anything, the present results indicate the difficulty of creating
engincering models for these problems and the need for fur-
ther analytical and experimental investigation. Nevertheless,
based on the results presented here and the reaction rates
discussed in Ref. 47, it is believed that the present two-step
model with case 2 rates is appropriate for stagnation region
computations.

Future Efforts

In the near future there are plans to continue these studies
by developing a nonequilibrium radiation model based upon
RADICAL. This new model will be incorporated into the VSL
code along with radiation gasdynamic coupling. In addition,
there exists a need to improve the ionization chemistry model
and the LTNE correction factors by taking into account finite-
rate processes between excited state atoms and ions. Also,
there is a definite need for additional experimental data at
velocities and pressures appropriate for a Mars return AOTV.
This data should be for an ionizing, as opposed to a re-
combining, flow and probably could be obtained in a shock
tube, although flight data would be desirable. Finally, the
inclusion of preshock precursor, photoionization and recom-
bination, and shock and wall slip effects would be desirable.

Conclusion

Based on the results presented, it appears that an approxi-
mate two-step ionization model in conjunction with quasiequi-
librium electron temperature model is suitable for the compu-
tation of nonequilibrium blunt-body flowfields associated
with Earth aerocapture from Mars. Also, nonequilibrium
chemical and radiation effects are important at these condi-
tions throughout the entire stagnation zone, and, compared to
equilibrium predictions, these nonequilibrium phenomena can
lead to a reduction in radiative heating. Furthermore, com-
pared to an adiabatic wall, a cool wall results in a significant
reduction in radiative heating due to absorption near the wall.
However, the present results also indicate a need for further
analytical and experimental investigations.
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Abstract

A second order method has been developed to correct
a radiative transfer analysis for possible local thermodynamic
nonequilibriumeffects. This method uses atwo species excitation
model for nitrogen with chemical reaction rates obtained from
the detailed atomic transition method of Kunc and Soon. Results
obtained from this new method show more atomic line radiation
that the authors’ previous first order method. As improvemenls
10 the flowfield representation used in the computations, a full
three temperature energy model has also been incorporated and
a new multicomponent diffusional model developed.

Nomenclature

B, = black body function
¢, = speific heat at constant pressure
D = dissociation energy
D= binary diffusion coefficient
e = energy per unit mass
E = electronic state energy level
E,, = integro-exponential function of ordern
£ = electostatic field strength
F = external force per unit mass
g = degeneracy
h = enthalpy per unit mass
I = ionization energy
k = Boltzmann constant
K = absorption coefficient
m = particle mass
N = number density
p = pressure
g, = radiative heat flux
Q = electronic partition function :
Q. = electron translational partition function
r = wall reflectivity
S = source function
T = temperature
w’ = mass averaged velocity-components
U = diffusion velocity
zJ = coordinate axis
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Z = Molecular charge

o = wall absorptivity

€ = wall emissivity

¢ = magnitude of electron charge

1 = heat conduction coefficient

p = density

o = radiative cross section

7 = relaxation time
T, = oplical thickness

v =frequency

subscripts

e = electron

f = forward rate (production)
pc = continuum process
pq = line process

r = reverse rate {(depletion)

s, 1 = species

sh = value at shock

ir = translational

v = vibrational

aw = value at wall

v = frequency

Introduction

A great deal of interest has been placed recently on the
design of aerobraking vehicles for use with both inter-orbit
maneuvering and inter-planetary deceleration. In particular, a
major goal of such experimental projects as the Aeroassist Flight
Experiment (AFE) is the development of the computational tools
for the accurate prediction of the acrodynamic environment which
determines the heating and controllabilty of such vehicles. Both
low speed inter-orbit and high speed inter-planetary missions will
spend the aerobraking portion of their trajectories at very high,
Jow density altititudes where previously developed space vehicles
spent only short durations. Thus, the computational acrodynamic

tools to be used must correctly handle the chemical, thermal and -

radiative nonequilibrium phenomenaassociated with low-density
flows.

Previous work!? concentrated on some aspects of the
nonequilibrium natre of aerobraking flowfields. For example,
the primary topic of discussion in Ref. 1 was electron-
impact ionization rates. This chemical rate is important in

both determining the amount of chemical nonequilibrium in the -

flow and in calculating the electron temperature, T Existing -

rates in the literature varied over several orders of magnitude
with accompanying differences in T profiles and wall radiative

heating rates, which s a strong function of T... InRef 2, the effects
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of thermodynamic nonequilibrium on the magnitude and nature
of the radiative environment was investigated. Comparisons
were made with the FIRE 11 flight test measurements and a wide
range of possible mission profile conditions were investigated.

A pumber of topics for future work were identified from
the previous work. First, a two-temperature, Ty, and T, model
had been used exclusively in Refs. 1 and 2, in which it was
assumed that T, = Ti,. This model is probably accurate for
the higher speed conditions above 12 km/sec where the flow is
jonization dominated and few diatomic particles exist. However,
at the lower speeds and particularly for the speeds associated
with the AFE vehicle, the flowfield is dissociation dominated;
and a separate vibrational energy equation can be expected
to affect the total results. In addition, electron-vibrational
coupling will affect the predicted T, profile and thus the
radiative environment. Second, diffusional phenomena seemed
to significantly affect chemical nonequilibrium and also the extent
of atomic thermodynamic nonequilibrium. Since the diffusional
model then being used was determined to be inadequate, a new
model was developed as described later. Finally, a new atomic
local second order thermodynamic nonequilbrium model was
conceived, which is a compromise between the simple and fast
method used previously and the complex methods used by other
authors.

Problem Formulation

The computational model used in this report is an extension
of the coupled viscous shock layer (VSL) and radiative transfer
method described in detail in Refs. 1 and 2. The VSL portion
of the code originated as the VSL3DNQ® code developed
at NASA Langley. After modifications were made to the
thermodynamic and transport coefficient calculations and multi-
temperature effects, T;, and T,, were included, the flowfield was
iteratively coupled with the radiative transfer model of Nicolet?
in a manner which included chemical and local thermodynamic
nonequilibrium (LTNE) phenomena.

Three additional modifications have been made for the
present paper. First, a vibrational energy equation has been
added for the calculation of a third temperature, T,, which
describes the average vibrational energy state of all the diatomic
species. Second, a new diffusional model has been developed
to improve the calculation of the diffusional fluxes of mass and
energy. Finally, to improve LTNE predictions, second order
radiative correction factors similar to those used in Refs. 1 and
2 have been devolped for a two-step excitation model for atomic
nitrogen.

Vibrational Temperature Model

The vibrational energy equation added to the VSL calula-
tions has the following form for simple Cartesian coordinates.

az,) DI IO
+ZP-A(C"(T") —e,) +30, (6s.(Te) — &5,)

iy T2 2 (o

v 9z7 ozt

2l (aapt’) "2 e G)(ap’),

In this equation, ¢, is the frozen vibrational specific heat
at constant pressure calculated from the species specific heats by
5, €p..sP. /p; and the vibrational termperature, T, represents
the average vibrational energy of all the diatomic species. While
multiple vibrational temperatures are often used, one for each
vibrating species, it can be argued” that the vibrational-vibrational
energy exchange rates are not well modeled by available methods;
and, thus, results with multiple vibrational termparatures may not
be meaningful. In addition, for the results with a nitrogen only
gas presented in this report, there is only ohe dominant vibrator,
Na, the vibrational contribution from N*; being small.

The translational-vibrational energy exchange model used
is a modification of the non-preferential CVDV model described
in Refs. 6 and 7. The terms involved with the T}, — T, coupling
model are the third, fifth and sixth on the right hand side of Eq.
1. The differences from the CVDV model occur, first, in the
calculation of the relaxation time, 7, . This relaxation time is that
proposed by Park® which sums the relaxation time of Millikan
and White®, MW, with a high temperature correction factor
such that

=1,le+ 1

c,o0, N,

where ¢, is the average species molecular speed and o, is a
limiting cross section calculated by1?:

o, = 10~17(50, 000° K /T, )?cm?

The second modification, also suggested by Park!©, is the
inclusion of the multiplier A on the third right hand side term of
Eq. 1. This multiplier attempts to correct the original Landau
and Teller relaxation rate for high temperature diffusive effects
and has the form

T'tr,:h - T, (3.5 exp(—5000°K/T,)—-1)

_ﬂ,lh

T’tr,ah

The electron-vibrational energy eichange is accounted for
by the fourth right hand side term of Eq. 1 and is taken from the

work of Lee!! as curve fitted by Candler and Park12:

log(per.) = 7.50(log T.)? — 57.0 log T, + 98.70

for T, < T000° K, and

log(pe7.) = 2.36(log T.)* — 17.9log T + 24.35

forT. > T000°K.

Lee suggests a correcting factor for the electron-vibrational
relaxation similar to the factor A used for translational-vibrational
relaxation. As with the translation-vibrational relaxation factor,



this term is intended to increase the relaxation time or decrease the
amount of coupling between the electron energy and vibrational
cnergy. Unfortunately the form of the correction, developed for
the case were T, and T, are initially far apart, has the opposite
effect for our conditions where T, and T, are initially close
togetherin value behind the shock. For this reason, the suggested
correction has not been included in the present model and the
calculated results may tend to show too much electron-vibrational
coupling.

The electron-vibrational coupling factor must also be
included in the electron temperature equation, which for this
paper is the full electron/electronic energy equation described in
Ref. 2. The electron/electronic energy equation is similar in
form1o Eq. 1 and includes the effects of conduction, convection,
diffusion, chemical energy depletion, heavy particle-electron
translation coupling, and now electron-vibrational coupling.

Diffusional Model

In the stagnation region of a blunt entry vehicle, large
gradients in species concentration occur in the nonequilibrium
region behind the shock front and in the thermal boundary layer
near the wall. As a result, diffusion effects in these regions are
generally important and need 1o be considered in the evaluation of
mass and energy flux. There are currently 2 number of diffusional
models commonly used including the multi-component models
used by Moss!3 and Gnoffo et al.!4, the binary model'® based
upon the work of Fay and Kemp!67, and the constant Lewis
number multi-component approximation of Ref. 18. The latter
is the method originally incorporated into our VSL code.

While diffusional effects play an important role in the level
of chemical nonequilibruim which can occur behind a shock
wave, they can be seen most easily in the near wall, thermal
boundary layer of most reentry flows. Although the flow in this
region is at low normal velocities and the density is much greater
than the other portions of the shock layer, the flow is typically
not in equilibrium in this region; and in fact a significant level
of dissociation is present on the surface of non-catalytic walls
no matter how cool the surface may be.. For catalytic walls,
the associated high heating rates are due the diffusive flux of
energy to the wall as a result of the large concentration gradients.
In addition, due to the chemical nonequilibrium induced by
diffusional effects, the simple atomic LTNE model used in the
radiative analysis is also strongly affected by the amount of
diffusion. As a result, a more accurate diffusional model has
been developed and incorporated into the flowfield model. The
development of this model follows.

If the effects of presure and thermal diffusion are neglected,
the general diffusion velocity equation for a multicomponent gas
is!? for each species

U,) =Vz, p.F

Z T,Tt (U‘

13

+ %ZPF ()

In these equations, D, is, to a first 'ép'proximzﬁibﬁ. the

binary diffusion coefficient for species s into species ¢, and F,

represents external forces acting upon species s. Note that while
the above equations were obtained by Chapman and Cowling!?
for a single temperature gas (primarily due to the fact that the first
approximation of Enskog for the Bolzmann equation assumes
equilibrium between particles), a simple extension for muld-
temperatures can be made if the pressure and concentrations are
calculated using multi-temperature methods and the diffusion
cocfficients are determined using the appropriate temperatures.
For the present method, T, is used to calculate D, if either of the
colliding partners is an electron and T is used for heavy particle
encounters.

If the extemnally applied forcc term is set equal to the
electrostatic force dueto charge separation, then F, = ¢EZ, /m,
and if charge separation is not large, it is approximately true that
Y= ptFe = 0. Eq. 2 then becomes

> 52U - 0,) = Ve, ®)
t
for neutral particles and
3 2&((], U,)=Vz, — K‘f{i‘_ (4)
t .

for ions and electrons. For most conditions of interest, the
flowfield can be adequately described by only including singly
charged positive ions in the flowfield chemistry model. In this
case, to each ion diffusion equation there can be added N, /N,
times the electron diffusion equation in order to eliminate the
electrostatic force terms. The resulting ion diffusion equations
are

 z,2¢ z,T _ ' N,
; 1)“ (U‘ - UJ)'*‘zt: Det (Ut - Ue) = Va:, + I—V-:Vz,.
(5)

To avoid the difficulty of specxfymg the strength of the
electrostatic field, E, in the electron diffusion equation, the
ambipolar assumption is made that

S MU, =N.U.. ()|

t=ions:

Note that this is not an assumption that the electrostatic term is -

small or zero, but rather that the electrostatic force for small charge

separations is sufficiently large enough to cause the electrons o

diffuse with an ion.

The original set of diffusional equations (Eq. 2) can easily
be shown to be linear dependent; and an additional condition that
the total diffusional mass flux be zero must also be used, i.e.

ZP:Ut =0 (7N

which replaces one of the original set. After the ambipolar
assumption is used, the new set of equauons (Eq. 3 for neutrals,

Eq. 5 for ions, and Eq. 6 for electrons) are not strictly linear
dependent, but are very poorly ‘conditioned. Eq. 7 should still be
used 1o replace one of the neutral or ionic equations.
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For this paper, an additional simplification is used based
upon the observation that since U, ~ U, and D, > D, for
t # e, the ncutral and ionic equations can be approximated by,
respectively,

z,T
b (U~ U,) = Vz,

t£e st

> zg’)i‘ (U, —U,) = Vz, + %:Vz,.
the

The above set is linear dependent which, with the two additional

conditions of ambipolar diffusion and zero total diffusional mass

flux, Eqs. 6 and 7, can be solved for all of the diffusional

velocities, U, .

Second Order Atomic LTNE Model

The flowfield solution is coupled with the radiative transport
package of RADICAL* developed by Nicolet. The methods used
by Niclolet assume that the electronic states of the radiating
species are in local thermodynamic equilibrium (LTE) with
each other and that their populations can be described by a
Bolzmann distribution. A technique was developed previously’ 2
for correcting the RADICAL calculations to account for LTNE
in both the atomic and molecular state populations.

The molecular electronic states populations are calculated
using a quasi-steady approach similar to that described in Ref.
10; and, from these, LTNE population correction factors for the
principle molecular radiation bands are obtained. Specifically,
correction factors are determined for the N, Birge-Hopfield, first
positive, and second positive bands, and for the Ny * first negative
band. Ref. 2 should be consulted for more detail.

Also discussed in Ref. 2 is a first order atomic LTNE
radiation correction. This model is predicated on the observation
that for many monatomic gases, including argon, nitrogen, and
oxygen, there exist one or more low lying ground energy states
separated from the lowest excited energy state by an energy jump
which is a large fraction of the ionization energy from the ground
state. The model assumes that the excitation jump from ground
to first excited state controls the ionization process, and that the
excited states, because of their proximity in energy to the jonized
state, are in equilibrium with the free electrons and ions. With
this approach, the atomic nitrogen LTNE correction factor!220,
which represents the ratio of the actual population in an excited
state 1o that which would exist for a Boltzmann distribution, can
be written as

Ny+N.Qx exp(169000° K /T.,)
NNQN+Q¢ -

The above assumptions and resulting approximation are
exiremely simple to calculate and implement. At the other end
of the spectrum are the methods of Park® and Kunc and Soon?!
which handle possible LTNE effects by performing detailed
state population calculations under the quasi-steady assumption.
Park’s and Kunc's methods differ in the treatment of the free

electrons and ions; Kunc et al. allow the free ions and electron
populations to be determined as part of the solution, allowing
LTNE to occur only as a consequence of radiative state depletion,
while Park uses the ion and electron population calculated from
the fAowficld solution, allowing nonequilibrium chemistry to
affect bound state populations. Either way, the detailed methods
are computationally intensive and are not suitable for a radiative
coupled solution if computational usage is a consideration.

After extensively reviewing the work on argon of Foley
and ClarkeZ and Nelson?® and the air and nitrogen work of
Park3, Kunc and Soon?!, and others, it was decided to develop
a second order LTNE model for high temperature nitrogen by
subdividing atomic nitrogen into two species. The first, termed
N, for N ground, represents the nitrogen atoms in the first three
low lying electronic states of nitrogen. The second, termed
N* or N excited, represents those nitrogen atoms populating
the remaining upper electronic states. The relative densities of
these subspecies will then be determined by appropriate reaction
rates between themselves, N*, e, etc and the electronic states
of each are assumed to be in local thermodynamic equilibrium
(LTE). It is believed that this approach has the potential to be
a significant improvement over the present model in that it will
allow a finite rate of ionization from excited states while retaining
the fundamental two step ionization process. In addition, by
determining the excited state number densities directly from the
flowfield computation, the appropriate atomic LTNE factors are
directly obtainable and more accurate. )

The thermodynamic state of the two species, Ny and N*, are
determined by the standard methods used for monoatomic gases:

3
QN, — nge—E,/kT-
r=1

maz

Qn-= Y gye(Br-BO/AT.

p=1

QN = Qn, + Qn-e B/

s .
5 kT 1
h — e - E e—E,/kT. + Ao
Ns = 2mn mNQN,PX::IgP P Ns
hye =0 XL
2 my
1 mazx
_ E, — Eg)e~(Er—E)/*Te 4 g9
mNQN' ;gP( P 4) N

where the zero point energies are, h}, = h3, = 3.36 x 101!
ergs/gmand k. = kY, + E4fmy = 1.05 x 102 ergs/gm.
The collision cross sections for both species, needed to calculate

viscous transport properties, are assumed to be the same as for
the original gas, N.



As mentioned earlicr, new reactions must be specified to
relate the two new species, N, and N*. These reactions are:

*

Ng + e = N + ¢
I\fg + ¢ :7 N+ + 2¢
N + ¢ = NY + 2¢

It was decided to usc the method for calculating detailed excitation
rates given in Ref. 21, A computer program was written which
calculated the individual rates for each allowed transition process
and computed effective rates for the above reaction equations
assuming local thermodynamic equilibrium exists between the
excited states grouped into each species. Results were obtained
for anumber of electron temperatures and then curve fit as shown
in Fig. 1. These rates are part of the complete chemical reaction
set shown in Table 2.

The radiative transport model must also be meodified to
account for the LTNE populations of N and N* relative to each
other. Under the assumption of a radiating tangent slab, the heat
flux to a surface can be calculated as, assuming a non-emitting
precursor:

Tu,oh
_qfv(z) = 2”/ sgn(t,, - Tv)Ssz(ltu - Tyl)dty
0 . .

Tr,oh

had 2E3(1',,)7r (CuBy,-u, bt 21',, / Eg(ty)sydty)
0

where T, is the optical thickness determined by

'r,,:/ K,dy.
°

The absorption and source functions used in these expressions
are the sum of all radiative contributs at the frequency v.

Absorption coefficients derived from either theory or
experiment are normally expressed as the product of the absorbing
state number density and a radiative cross section:

Ky, = Npop. (»)

or by assuming a Bolzmann distribution exists between the

electronic states,

—E,[kT,
(s, )ere = NN (.-‘bLQ;_,PC(,,)) = Nnop(v).

Thus, an absorption coefficient using the actual state number
density, Np, can be obtained from one calculated assuming LTE
by .

Ny

Yee — Tar N - Kv
K,,. (Np)LTE( e )JLTE
where
N N Oy
(Np)ere ~ Ny gpeEr/*Te

It is desired to have the LTNE corrections in terms of the
known number density populations, Ny and N*. If state p is one
of the low lying states and sincc we havc assumcd these states
are in LTE each other,

—B,JkT.
gpe 7
N,=N,—rm
i Y Qn,
and -
NP — NN: QN — NN:
(Np)ere  Nw Qn, (Nn,)LTE
Similarly, if p is one of the excited states,
-—(E —EJ)/kTs
‘gP
N, =N
? QN-
and
N, _ Nn- QN Ny-

(NJ)ere ~ Ny Qn-e~E«/*Te " (Ny-)irE

The absorption coefficient for atomic line radiation is similar
in form to that for the continuum process, but uses a radiative
cross section which is a function of both the absorbing, p, and the

emitting state, q.

K,

Vry

= Npope(v) T

However, since the number density dependence is only with
the absorbing state, the LTNE corrections described above for
continuum radiation also apply to the I line radiation. )

The source function at thermodynamic equilibrium is equal
to the black body, B

2hv®
(Sv,Jere = (S, )it = By = —— (™1™ — 1)
The source function for atomic continuum processes under LTNE
conditions is given by#2:

S =(Np)g 2h18

Vre N, ¢
_(NP)E
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ehv/kTe _ (GATAN
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where the subscript E  indicates a number density for state p

calculated by assuming that state is in thermodynamic equilibrium

with the frec electrons and ions. Thus if I is the ionization energy, -

gpe—(Br=D)/+T,

(Np)e = NN+Ne——m—”
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Tt can further be observed that when p is a low lying state
ehv /AT 5, (Np)e/N, and v/ T« ~5, 1 while for the highly
excited states, (N, ) g /N, ~ 1. Thus

(Np)e
Sy, =~ —;—p(su,,)LTE

As before, the LTNE correction can be written in term of the
known number densities so that if p is one of the ground states,

(N))e _ Nn+N.Qn, T (Ny,)E

N, Ny, Qn+Q.  Nw,

while if p is an excited state,

(No)e _ Ny+ N, Qu-elI-B)/*T. _ (N~n-)E

N, Ny- Qn+Q. Ny

The source function for the radiative transition from state q
to state p under LTNE conditions is?°2!:

s, =Ns(Mp)rre 2hi? (ehv/kT. _ &(NP)LTE>—1
Vrg Np (Ng)re Np (Ng)rre

Nq (NP)LTE ehv/kT. -1

=—= S,
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If the transition is between two excited states, then, since
it has been assumed that these states are in thermodynamic
equilibrium, the LTNE source function becomes identical to
that for LTE. If the transition is between an excited state and
a ground state, it can be approximated that e**/*Te > 1
and ehv/kTe Nq(Np)LTE/Np(Nq)LTE so that it is
approximately true that

s =_N_'g‘(Np)LTE
“r* T N, (Ng)rrE

__Ny- (Nn,)i7E
Ny, (Ny-)oTE

(Sv,,)LTE
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Discussion of Results

Several sets of results have been obtained using the models
presented in the previous sections. In all cases, these results
are for the stagnation streamline on a vehicle having a 2.3 meter
nose radius, utilize ninety-nine points between the wall and
shock front, and use a nirogen freestream. For those cases
which assume that excited electronic states are in equilibrium
with the free ions and electrons, the nonequilibrium chemistry
is shown on Table 1. For those cases utitilizing the second
order local thermodynamic noﬁequilibrium model for atoms,
the corresponding nonequilibrium chemistry model is shown on
Table 2. In addition, the wall has been assumed to be radiatively
black, noncatalytic to atomic recombination, fully catalytic to
ionic recombination and at a temperature of 1650°K. This wall

temperature was selccted to insure significant cool wall thermal
effects and is representative of the maximum termperature of
nonablating surfaces. However, itisrecognized that for the higher
speed case considered the cummulative head load associated with
the mission profile dictates the use of ablative surfaces and higher
wall temperatures. Finally, an approximate boundary condition
representing the wall sheath effects on electrons has been utilized
as discussed in Ref. 2. Since the VSL flowfield method uses
shock fitting, shock slip boundary conditions have been used for
all cases in order to properly conserve total energy.

To investigate the thermal, diffusion, and radiation models,
two entry condition have been considered. The first, sometimes
referred to as “AFE CFD Point 47, corresponds to a “max Q"
point for an AFE vehicle at which the freestream conditions are
9.326 kan/sec, 26.4 dynes/cm?, and 200°K; while the second
point is for the same vehicle but at 14 km/sec and 80 km
altitiude. The latter is typical of a Mars return vehicle at an
altitude where nonequilibrium phenomena could be significant.
All of the 14 km/sec cases considered were calculated with
radialive-gasdynamic coupling included. Since the AFE cases do
not have significant radiative coupling, the radiation calculations
have been made from the converged solutions. All radiation
calculations have been made with LTNE effects accounted for
using the molecular model and either the first or second order
atomic models described previously.

Thermal Noneguilibrium Model

All the results presented in this section were calculated
using the constant Lewis number (1.4) diffusional model from
Miner and Lewis!® and the chemical reaction set of Table 1
while radiative LTNE effects were calculated using the first order
model. As a result, the results in this section are comparable to
the results presented in Ref. 2 with the important distinction that
the two temperature model used previously assumed T, = T,
while the cases labeled as two termperature in this paper assume
T = Te.

The first results presented in Figs. 2 and 3 were obtained
using a two temperature model wherein the electron/electronic
and vibrational energies are assumed to be highly coupled and

in equilibrium with each other!0. This effect was acheived
computationally by summing the two equations term by term and
solving together. An alternate and, atleast theoretically, identical
approach could have been achieved by solving the orignal
equation set while forcing the electron-vibrational relaxation
times, T, 0 approach zero. o o

Fig. 2 shows that the AFE CFD 4 case is in chemical
and thermal nonequilibrium for almost the entire shock layer
and that the chemistry is dissociation dominated, the ionization
level being very low. The thermal nonequilibrium is particularly
interesting in the region of the wall where T, — T, exceed the
heavy particle translational temperature. In the wall region,
both the jonic and atomic recombinations are dumping energy
into the electron and vibrational energies respectively. It is
assumed! that jonic recombinations occur primarily by the
reverse of the electron-impact ionization reaction and that each
recombination adds I to the electron translational energy while



the CVDV modeiS7 assumes that each atomic recombination adds
G, —e,, ~ D, /2 — e,,, to the vibrational energy of species s.
Since T, — T, exceeds T¢, in the wall thermal layer it follows
that either or both of the recombinationreactions is adding energy
faster that the translational-vibrational and translational-electron
exchange processes can remove it. The maximum value reached
by the T}, — T, temperature was 8515°K at y/yshock=0.83.

Unlike the AFE CFD 4 case, the 14 km/sec case shown in
Fig 3. shows a pronounced peak in the T, — T, profile of about
17000°K at .83. Both thermal and chemical equilibrium occur
for this case at abount .70 although, due to radiative cooling, the
temperature continues to drop after this point along with gradual
changes in the chemical composition. While the AFECFD4 point
was dominated by dissociation, at this speed dissociation occurs
very rapidly behind the shock front and ionization processes
dominate most of the flow, reaching a peak degree of ionization
of about 35%.

Results with the full three temperature model without
electron-vibrational coupling are shown in Fig. 4 and 5. These
cases represent the other extreme relative to the two temperalure
cases since there isno direct energy exchange mechanism between
the electrons and the vibrational states. Indirectly some energy
exchange still occurs through the coupling of both T, and T, to
71:1' -

Comparing the three temperature results of Fig. 4 with the
two temperature results of Fig. 2 it is seen that except for a
greatly different T, profile, the profiles are very similar. The
vibrational temperature does peak a little sooner and higher at the
shock front for the three temperature model, 9100°K at 0.91, but
has the same profile over the rest of the shock layer, including the
overshoot in the thermal boundary layer. Without T, coupling,
this high T, indicates that energy production due to atomic
recombinations is significant in the wall region as has been seen
by other investi gators'4. As a result of electron energy depletion
through electron impact ionization, the electron temperature is
much lower behind the shock front for this model than before,
which results in a much lower radiative heat flux. Also the
lower electron temperature and its effect on the electron impact
ionization rate increases the amount of chemical nonequilibrium
at the shock front and in turn slightly increases the shock standoff
distance. '

As can be seen from the T, profile, a shock slip condition
was not enforced for the electron/electronic equation. Numerical

problems with the slip boundary condition, coupled with the small
magnitude of electron number density have not yet been resolved.
This omission, however, does not have a significant effect on the
other flow properties since the electron heat conduction is very
small at the shock and also does not have a strong effect on the
T. profile itself. The electron temperature solution appears to
be uncoupled from the shock boundary condition. - This result

is consistent with the quasi-equilibrium electron formulation

previously used by the authors!? in which it was assumed
that chemical energy production and collisional energy transfer
dominate the other terms in the electron energy equation and that
T is primarly determined by the balance of the two.

The 14 km/sec case shown in Fig. 5, when compared
with Fig. 3, shows the exact opposite trends as were noticed

for the AFE CFD 4 case. The T, profile is very similar in
shape to the T, — T, profile while 7}, is greatly different. The
vibrational temperature peaks much higher, 23000°K at 0.86, and
equilibrates sooner with T;,, due to high translational coupling.
T. peaks only slightly lower at 16900°K and 0.82 and as a result
there is a slightly lower radiative flux.

In the thermal layer, the threc temperature T, initally
dips below T, before rising above near the wall as in the two
temperature case. Without electron coupling, diffusive effects in
the thermal layer are important in the vibrational energy equation,
and the flux of cool N, particles away from the wall lowers the
vibrational energy until the atomic recombinationreactions occur
rapidly enough to raise T,. This diffusive cooling effect was
not seen in the AFE CFD 4 case due to the lower concentration
gradients in N and thus lower diffusive flux. The electron
temperature in the thermal layer shows the same trends as were
noted for the two lemperature case.

Fig. 6 and 7 show results for the AFE CFD 4 and 14 kmn/sec
cases, respectively, where the three temperature model is used
with electron-vibrational coupling, as described previously in the
theory section. As might be expected these results are in between
the two extreme cases of the two temperature model and the
three temperature model without T, — 7, coupling. In the AFE
CFD 4 case the electron temperature has been increased toward
T, in the shock front, equilibrates with it around Q.70 and stays
in equilibrium throught the rest of the shock layer except for a
slight divergence immediately off the wall. The higher T, profile
results in a factor of two larger radiative flux than the uncoupled
T, — T, case, but it is still lower that the two temperature case.

For the 14 km/sec case, T, — T. coupling lowers the
vibrational temperature in the shock front region (from a peak
value of 23000°K to 22200°K) while slightly raising the T,
proﬁle and reduces the amount of dequlonal cooling of T, in

assumption has a shghtly greater effect on the radiative flux for
the lower speed case than the higher, 30% compared t0 20%. The
percentage differences would be further apart for the two cases if
it were not for the fact that LTNE corrections tend to reduce the
amount of radiation from the thermal nonequilibriumregions.

Diffusion Model

The results presented in this section were calculated using
the chemical reaction set of Table 1 and first order LTNE
radiative corrections, but for these cases the full diffusional
model described above has been used. Figs. 8 and 9 show the
results for the AFE CFD 4 case and 14 km/sec case, Tespectively.
These cases were calculated using the three temperature, T, — T,
coupled thermal model and can be compared with the results in

Figs. 6 and 7 to see the effect of various diffusional models.

Surpnsmgly, the profile chang&s associated with the
different diffusional models are very small with the effect on
the 14 km/sec case being slightly more noticable than for the

AFE CFD 4 case. The results may be explained by the fact that .

for the AFE CFD 4 case, the flow is dominated by the species Nz
and N and thus a binary diffusion model with Le=1.4 is probably
sufficientto descnbe most of the flow details. At 14km/secandin
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the shock front region, the flow goes from being N, -N dominated
to N-N* dominated; but the collisional cross sections of N, and
N* with respect to N differ by about an order of magnitude. Thus
a single Lewis number in this region is not sufficient, although
using a lower Lewis number to reflect the reduced diffusional
effects in N-N* flow may have better represented the majority of
the flow region. The above conclusions might not be applicablein
an air mixture shock layer, however, since the additional species
will generally result in regions where the flow is essentially not
binary in nature.

Also, in flows where muliiple ionic species coexist at
the same concentrations, the new treatment of the ambipolar
diffusional effects may be an important factor in the ionic species
equations. A close evaluation of the species concentration profiles
in Fig. 8 shows some unusual behavior at the shock front where
the N* and N*, profiles cross. However, these resulis need
further study before firm conclusions can be stated.

Second Order Atomic LTNE Model

The results in this final section are cases which used the full
diffusional model, the chemical reaction rates of Table 2, and the
second order atomic LTNE model discussed in the theory section
of this paper. The AFE CFD 4 results shown in Fig. 10 are
very close to the previous results shown in Fig. 8. The only
significant difference is in the N* and N,* profiles at the shock
front. The new rate for exitation of N is faster that the rate in
Table 1 which leads to a faster total ionization rate even though
the ionization from the excited states is not infinite. As a result
of this faster ionizationrate, there is a higher concentrationof N*
near the shock; and as a result of the charge exchange reaction
and ambipolar diffusion effects, the higher N* concentration in
turn slightly lowers the N*; concentration. The calculated N”
population is very low and closely follows the T, profile in detail
as can partially be seen from the figure.

This case can also be compared to the similar case
results presented in Ref. 2. The total radiation calculated
in Ref. 2 is lower than the current results, due primarily
to a lower T, temperature calculated by the quasi-equilibrium
electron/electronic energy equation used in Ref. 2. The radiative
spectral differences between the previous case and this present
case, however, should be due to the differences in the first and
second order LTNE correction methods. The radiative spectral
details of the radiation reaching the wall for the AFE CFD 4 case
are shown in Fig. 11 in two forms; the first shows the atomic
line radiation having been grouped into convenient blocks while
the second shows the atomic lines in full detail. Having the lines
grouped gives a better visual description of the magnitude of the
relative radiative process whereas the detailed presentation bears
more similarity to experimental results.

‘While the radiation shown in Fig. 11 is still dominated by
the N *(1-) molecular band in the 2-4 €V range, these new results
show a much larger contribution from atomic lines in both the
infrared (IR) and ultra-violet (UV) regions, especially in the IR
region. In fact, the first order LTNE results from Ref. 1 showed
almost nio atomic radiation at all due to the large region of LTNE
predicted for this case. The second order LTNE modet predicts

less LTNE for line radiation since the excited atomic electronic
energy states are not as depleted as before.

The 14 km/séc case shown in Fig. 12 exhibits significant
differences from the results in Fig. 9. The higher nitrogen
excitation rate in Table 2 has shortened the nonequilibrium
region at the shock front and lowercd the peak T, from
16650°K to 14560°K. Since this case is dominated by ionization
chemistry, it would be expected that the results are sensitive to the
ionization/excitationrates. The group and detailed wall radiation
spectral plots are given as Fig. 13. Atomic radiation dominates
for this case and most of it comes from the continuum UV bands.
Strongly emitting IR lines are still seen and the high UV lines,
above 11 eV, are highly absorbed at the lines centers.

Rather than compare these results to the earlier results which
are greatly different in the chemical and thermal profiles, it was
decided to redo the results of Fig. 9 using the higher excitation
rate for N in place of the electron impact rate in Table 1. In
this manner, first order LTNE results could be obtained with a
chemical model very similar to that for the second order LTNE
method. The flowfield profiles for this case are shown in Fig.
14. As expected, these profiles are very similar to those of Fig.
12 except that the peak T, is lower, 13860°K, and equilibrium
occurs slightly sooner. The earlier equilibration is to be expected
since the first order LTNE assumes instantaneous equilibration
of the excited states with the ions and electrons while the second
order has a finite rate. '

The radiative spectral plots for this, case are shown in Fig.
15. In comparing these result to those in Fig. 13, three important
differences are noticed. First, the IR line radiation is enhancedin -
the second order model over the first order model. This greater
amount of emission is due to the lower level of thermodynamic
nonequilibrium predicted from the second order method. The first
order method predicts a largely depleted excited state population
in the peak 7T, region which reduces the line radiation from this
region. Also, because of the reduced line radiation, absorption
of the UV lines in the wall boundary layer is more significant for
the first order LTNE model than for the second order model. The
difference in UV line center absorption is the second noticable
difference between Figs. 15 and 13. Finally, the N*; (1-)
molecular band is larger for the second order LTNE model. This
difference appears to be due to a number of subtle changes in
the two flowfilds such as different radiative cooling effects and
different N*, number densities caused by the charge exchange
chemical reaction.

The use of a three temperature model including electron-
vibrational coupling can lead to significant differences in the
thermal profiles from those obtained with a two temperature
model. The effects on chemistry are not as noticable due to the fact
that the combined T}, — T, model tends to predict a temperature
closest 10 the dominant energy for the flow conditions, i.e.
closer to T, in dissociation dominated flows and closer to T,
in ionization dominated flows. The differences in the thermal
profiles for the two models results in differences of 20% to 30%
in the radiative heat flux to the wall for the cases considered.
These radiative differences would be more significant except that



LTNE effects tend to inhibit emission from the regions of thermal
noncquilibrivum.

Ahigher order diffusion model was developed and compared
1o a simple constant Lewis number multi-component diffusional
model. The use of more exact diffusional models, while desirable
for completeness of a solution method, was not seen to have a
significant effect on results with a nitrogen gas, which tends to
exhibit binary diffusive effects. Differing diffusion models may
result in more noticable flowfield differences in more complex
gas mixtures due to higher order diffusional effects.

The second order LTNE model developed for this paper has
shown difficiencies in the first order LTNE model. While both
models predict similar total heat fluxes, the specral content of
the radiation is different. Radiation reaching the wall with the
second order LTNE model shows a greater IR line contribution
and less UV line center absorption. The electron impact excitation
calculated for the second order LTNE model is faster by an order
of magnitude than the previous current rate. Using this faster
rate with the first order model can closely reproduce much of the
chemical behavior of the second order model.
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Reaction A B E
N,+N =2N +N 4.085x10?* | -1.5 | 113100
Ny+N, =2N +N; 470 <107 | -0.5 | 113100
No+e™ =2Nt+e~ 3.00x10% | -1.6 | 113100
N,+N+=N,*+ +N 1.00 x10'* | 0.5 12200
N+N =N,*+e- 140 %10 | 0.0 | 67800
N +e~ =N+t +2e- 416 <10 | 0.5 } 120000
N+N =N +Nt+e~ | 23410 | 0.5 | 120000
N +N+=2N+t+4e~ 2.34 10 | 0.5 | 120000
Rates in the form k¢ = A TB exp(-E/T).

T =T, in electron impact reactions.

Table 1. Reaction System for First Order LTNE Model

Reaction A B E
N;+N =2N, +N 4.085x10%? | -1.5 { 113100
N,+N; =2N; +N; 470 x10'" | -0.5 | 113100
N, +N+=2N, +N+ 1.90 «10*" | -0.5 | 113100
N,+e~ =2N++e~ 3.00«10°4 | -1.6 | 113100
No+N+=N; t 4N, 1.00 x 102 0.5 12200
Ny +N, =N+ +e~ 1.40 x 103 0.0 67800
Ng+N =N +Ntie~ | 234 10°* | 0.5 | 120000
Ng+N+=2N+4e~ 2.34 x101 0.5 | 120000
Ng+e™ =N+ +2e~ 2.50 x 1018 0.0 | 169000
Ng+e~ =N* +e~ 5.56 x10' | 0.0 | 121000
N*+e— =N+ +2e~ 411 x1007 | 0.0 48900
Rates in the form k¢ = A TB exp(-E/T).
T = T, in electron impact reactions.
N=Ng+N-.

Table 2. Reaction System for Second Order LTNE Model

excited — coptinuum

ground - excited

ground - continuum

1 1 i
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Fig. 1 Excitation and lonization Rates for
Niuogen-Electron Collisions

=

2
<
o
g ST
@ 2 0= Ty
= a=Te
e
.

00 02 04

086

ETA, Y/YSHOCK

10"

10°

SPECIES
O= N
O = N2
& = N+
+ =@

x = N2+

MOLE FRACTION
10° 10

10°

T T - T
00 02 04

1 4

T
08

ETA, Y/YSHOCK

Fig. 2 Stagnation Profiles for AFE CFD Point 4

T
08

Two Temperature Model, QR=2.51 watts/cm?,
QC=27.6 watts/cm?, YSHOCK=13.1 cm

- o
¥
=1
p=
<
g)
k=3 C=T
'd_) ':3- O= Vv
- 4 =Te
=
= o
S+ - T T T T T v 1
00 02 04 -0.6 o8 .
ETA, Y/YSHOCK

10"

1¢°

SPECIES
O=N
o= N2
a = N4
+ =@

X = N2+

MOLE FR&CTION
100 10

10°

T T
00 02 04

T
06

ETA, Y/YSHOCK
Fig. 3 Stagnation Profiles for 14 km/sec Case

Two Temperature Model, QR=115.9 watts/cm3,

QC=66.2 watis/cm?, YSHOCK=9.69 cm



10"
40

T, Tv, Te (deg K)

00

10

10’

10°

MOLE FRACTION
10

"o SPECIES

- 0= N

- 0= N2

E=4 a = N+

LY
> X = N2+
~ T T A f T T 1
00 02 04 os os 10
ETA, Y/YSHOCK
Fig. 4 Stagnation Profiles for AFE CFD Point 4
Three Temperature Model, without T, -T, Coupling
QR=1.02 watts/cm?, QC=26.0 watts/cm?,
YSHOCK=13.1cm

o

r <

o
2]

&

g .

ﬁ 2‘ Om TV

>

'—

o

00 ' 02 ‘ 6.4 ’ T;.B ' 0'.8 ' 10
ETA, Y/YSHOCK

10

1¢°

SPECIES
0= N
o= N2

1 -4

MOLE FRACTION
10

K= o = N+
. + = £
- X =.N2+
9 T T [} ¥ ¥ ¥ L] i N
00 02 04 08 [o1:] to
ETA, Y/YSHOCK

Fig. 5 Stagnation Profiles for 14 km/sec Case
Three Temperature Model, without T, -T, Coupling
~ QR=98.2 wans/cm?, QC=61.2 watis/cm?,

YSHOCK=9.T7cm

10'
40

30

20

T, Tv, Te (deg K)

00 02 s 06 08 10
ETA, Y/YSHOCK

1 0..I

10°

MOLE FRACTION
10

o SPECIES
A =N
- o= N2
o4 a = N+
+=e
s X = N2+
i AT T T T T T _ B -
00 02 04 06 o8 10
ETA, Y/YSHOCK
Fig. 6 Stagnation Profiles for AFE CFD Point 4
Three Temperature Model, with T, -T, Coupling
QR=1.93 watts/cm?, QC=27.2 watts/cm?,
YSHOCK=13.1cm
o
oY -
-]
24
<
g
©
@ 8
| et
>
-
Y A
=
© T T T ¥ T
00 02 04 _ . a8 o8 10
ETA, Y/YSHOCK
o

10

SPECIES
O=N
o = N2
a = N+
t =€
X = N2+

' 02 . _5.4 i 0s 08 10
' “ETA, Y/YSHOCK
Fig. 7 Stagnation Profiles for 14 km/sec Case
Three Temperature Model, with T,-T, Coupling
QR=97.7 watts/cm?, QC=59.9 walts/cm?,
YSHOCK=9.77cm

1 -+

MOLE FRﬁ‘\CT‘ION
10

10

gl




TR

c:”

L
uo

1
L

1o'
40

0
I
T

<
=3
3 o-T
;2-‘ O = Ty
— AT
~ =€
[k
Fo
4 & —8—a-—8—a—
[}
= T A T T T v T M
00 02 04 08
ETA, Y/YSHOCK
o

1 o‘l

10°

B
[
B
L
[,
B

MOLE FRACTION
10

o If SPECIES 3
M= O= N
. 1 O = N2
=3 4= N+
+t =g

"o X = N2+
—F T T v T T ¥ v T v

00 02 04 086 08 1.0

ETA, Y/YSHOCK

Fig. 8 Stagnation Profiles for AFE CFD Point 4
Full Multicomponent Diffusion Model, QR=1.95 watts/cm?,
QC=27.3 watts/cm?, YSHOCK=13.1 cm

10"
40

30
t

L

T, Tv, Te (deg K)
20

o]
o
O - T - T v T T +
00 02 04 06 08 10
ETA, Y/YSHOCK
o

10"

10°

SPECIES
o=N
o= N2

MOLE FRACTION
100 10

".‘0_ 4 = N+
t=¢g
- X = N2+
2 o T T T T v T
00 02 04 o6 (o]} 10
ETA, Y/YSHOCK

Fig. 9 Stagnation Profiles for 14 km/sec Case
Full Multicomponcnt Diffusion Model, QR=98.2 watts/cm?,
QC=S3.8 walts/cm3, YSHOCK=9.82 cm

3.0

1

20

T, Tv, Te (deg K)

10
!

04 08 o8 10
ETA, Y/YSHOCK

10

10"

10°

SPECIES

MOLE FRACTION
10°

o o = Ng //m
— g 0 = N2
- } a = N+
=2 +=e
X = N*
"o O = N2+ a3
~1 v T T v ¥ v ¥ v
00 . o2 04 06 08 10
ETA, Y/YSHOCK
Fig. 10 Stagnation Profiles for AFE CFD Point 4
Second Order LTNE Model, QR=2.38 watts/cm?,
QC=27.8 waus/cm?, YSHOCK=13.1 cm
2.0
o5 U = 9320 §u/szc. 75.15 XM
> 1.6 = 2.3
i3 T3 PR S
A
| &)
P10l
E
E
[
0.5}
1 k i T e
0.0 — ] 121418

8 10
ENERGY (eV)

-
1000} U= g.azze XM/SEC, 75.15 XM
g QR{lines) = .58 nng/cu‘
moE QR(continuum) = 1.82 WATTS/CX"
— E
5 wf
T
3 1
N b
: E 0.1
3 E
E oo i
[« 4 =
= E
0.001
0.0001 g
0.00001 § 3 vy ; 5 [ . v s

8 16
ENERGY (cV)

Fig. 11 Spectral Radiation Profiles for
AFE CFD Point 4, Second Order LTNE Model



10’
40

T, Tv, Te (deg K)

10" 10

10°

MOLE FR/}CTION
1
FRAIT WAL Luu.lj.ox gyl ot 11t

ey v 3
04 06 08 0

ETA. Y/YSHOCK

h SPECIES
o O = Ng
- —M-— 0 = N2
I a = N+
© + =@
o N
- o = N2+
MY 02 o4 08 08 10
ETA, Y/YSHOCK
Fig. 12 Stagnation Profiles for 14 km/sec Case
Second Order LTNE Model, QR=89.0 watts/cm?,
QC=55.1 waus/cm?, YSHOCK=9.59 cm
30
S5
3 U= 14 nl/sxc. 80 XM
= 59, o
520_ llnc-) = 23.2 A‘!'Ivﬂlcys/
o
w
am-
E
E
~ 10}
o
o
5.—
o % ry 8 {61z 1418
ENERGY (eV)
10000
xooo;r .
£ il |
~ IOOE 1] 1 i
= Al i
| |
o 3 3 E f
< i | i) il
@ Eo|g
E 0.1y |
E E | :
~  DOL¥ |
% F
0.001 ¥ Y = 14 XM/SEC, 80 KM
£ ke l:‘.’ WATTS/CM"
0.0001 k 8 o‘a{,.:um) = 60.7 WATTS/CM"
0.00001 § 5 1 5 S IS R ¢ S

ENERGY (cV)
Fig. 13 Spectral Radiation Profiles for
14 km/sec Case, Second Order LTNE Model

o
M %"
o
=
<
g
8 oo T
® o C = Tv
:_ &= Te
S -
Lt o so8-o—#— 5 —3— B B BB
<
S ST o T 4
[eX o] 02 04 [+X:) o8 10
) ETA, Y/YSHOCK
‘81 -
§  oe8ee-o—8 o000 0
- 3 bt — & —d—&—
oﬁ
A
Zo
2=
O"I
o
T -
w
8’0 SPECIES
= A 0= N
- o0 = N2 —o—a—on
e 4= N+
t= e N
X = N2+
,QT ¥ I v T
00 02 04 08
ETA, Y/YSHOCK

13

Fig. 14 Stagnation Profiles for 14 km/sec Case
First Order LTNE Model with New Excitation Rate
QR=82.2 waus/cm?, QC=54.3 watts/cm?,
YSHOCK=9.58 cm

=d

ost
® U= nr[sxc. 80 KM
~
Tin. 28.4 WATTS/CM®
azo E::m:t?nuum) = 55.8 WATTS/CM"
o
[Z]
~
El.’»-
<
E
1o}
24
o
5—
a y 1 -‘ L L (
o—% e 3 ] 16 12 14 18
ENERGY (eV)
19000
1000 3
% E
~ ool
= 3 L
(& 10! ™
or 3
g E
~ 17
A 3
RS
x 3
=~ 0.01 §
z :
o
0.00¢ g U= 14 u/uszc 80 KM
QR{lines) = 28.4 WATTS
0.0001 1= qQ co:t'i)nunm) = 55.6 4um/cn’
0.00001 ] 3 8 16 iz i+ 18
ENERGY (eV)

Fig. 15 Spectral Radiation Profiles for 14 km/scc Case
First Order LTNE Model with New Excitation Rate

i

L H




!’lh e

LD :: S S
St g R PR
b E P
£ By W T
% ' o
y ,’:1‘ 2 B -
e

- "_;‘!'9"". : —
53, G o —
£l ik ——

W'l

| AIAA 22nd Fluid Dynamics, PlasmdﬂDynamic_:s H

—

I””l.,

AIAA 91-1465
The Effects of Shock Wave

Precursors Ahead of Hypersonic ,
Entry Vehicles

S.A. Stanley and L.A. Carlson
Texas A&M University
College Station, TX

& Lasers Conference
June 24-26, 1991 / Honolulu, Hawaii

for pemnission to copy or republish, contact the American Institute of Aeronautics and Astronautics
370 L'Enfant Promenade, S.W., Washington, D.C. 20024



The Effects of Shock Wave Precursors Ahead of
Hypersonic Entry Vehicles

Scott A. Stanley”

Leland A. Carlson™™
Texas A&M University -
College Stauon, TX

Abstrac

A model has been developed to predict the magnitude

and characteristics of the shock wave precursor ahead of a
hypervelocity vehicle. This model includes both chemical
and thermal nonequilibrium, utilizes detailed mass
production rates for the photodissociation and
photoionization reactions, and accounts for the effects of
radiative absorption and emission on the individual intzrmal
energy modes of both atomic and diatomic species.
Comparison of the presznt results with shock tube data
indicates that the model is reasonably accurate. A series of
1est cases representing earth aerocapture return from Mars
indicate that there is significant production of atoms, ions
and electrons ahead of the shock front due to radiative
absorption and that the precursor is characterized by an
enhancad electron/electronic temperature and molecular
ionizauon. However, the precursor has a negligible effect
on the shock layer flow field.

Somenclatyre
AF - Radiation attenuation factor (-)
D, - Dissociation energy for the nth species (eV)
e - Energy per unit mass (erg/g)
e"; - Electron/electronic energy (erg/g)
E - Energy per particle (e V)
E3; - Third exponential integral (-)
h - Static enthalpy (erg/g)
hv - Photon energy (eV)
H - Total enthalpy (erg/g)
I; - Ionization energy of the ith species (eV)
k - Boltzmann's constant (1.38x10-16 erg/°K)
k'v - Absorption coefficient (1/cm)
m, - Mass per particle of the nth species (g)
M, - Molecular weight of the nth species (g/Mole)
ngiss - Number of bound-free dissociation processes
npmp - Number of molecular bands
ng - Number of species
N, - Number density of the nth species (1/cm3)

? - Pressure (dyn/cm")
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- Radiative flux (W/cmz) )

- Universal gas constant (8. 317x107 erg/°K gram
Mole).

- Heavy particle temperature (°K)

- Elecoron/electronic temperature (°K)

- Velocity (cm/sec)
- Mass production rate of the nth species (g/cm? sec)

- Spatial variable in the precursor (cm)

- Absorption coefTicient ratio (=)~

- One-half of the angle subtended by the body

- Frequency (1/sec) -

- Density (g/cm3)

- Optical depth (-)

N

Subscripts

elct - Electronic

3 - for the ith process

J - for the jth electronic level
n - For the nth species

rot - Rotational

r - Translational

vib - Vibrational

v - At the frequency v

Superscripts
TS -Tangentslab apprommauon
5 - At the shock

Introduction

The recent emphasis placed on a mission to Mars and
the subsequent return of samples has caused an increased
interest in the development of accurate methods for
predicting the fluid flow around hypersonic entry vehicles.
This interest is a result of the plan 10 use an aerocapture
technique to provide the reduction in velocity necessary to
place the spacecraft in earth orbit. This technique uses
aerodynamic drag, resulting from the interaction of the
spacecraft with the earth's atmosphere, instead of propulsive
~ braking to slow ‘the vehicle to orbital speeds. Such an
approach provides a reduction in the fuel necessary for the
mission and an increase in the payload capabiliues. A
vehicle entering the earth’s atmosphere upon rewrn frgm
Mars will experience velocities in the high hypersonic
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range, 11 Km/sec to 16 Km/sec.1:2
The majority of the recent work associated with
nyvpersonic flow fields has involved the shock layer; but the
shock wave precursor, on the other hand, has received litde
areention. The precursor is the region ahead of the shock
wave in which radiation, primarily ultraviolet, emitted by
ihe hot shock layer is reabsorbed by the gas. This
absorption of radiation causes a heating of the gas in the
precursor and the production of atoms as well as jong
through the photoionization and photodissociation reactions.
These changes might also in tarn affect the gas behind the
shock front. For example, the preheating of the gas in the
precursor as well as the introduction of electrons and ions
could potentially increase the rate at which the gas behind
the shock approaches equilibrium. It has also been shown
that for certain conditions the absorption of radiation ahead
of the shock can cause significant increases in the radiative
haating to the body.3* Further, the presence of fres
slecrrons in the precursor can significantly affect
communications with and identification of entry vehicles.5-$
Much of the previous work on shock wave pracursors
nas bcen performed using shock tubes and -shock
wnnels?+8.9 and a number of computauonal studies have
“I:O been performed.10.11.12,13" g, majority of this
revious work, however, has involved monatomic gasses
.‘nd is therefore not directly applxcable to the earth’s
atmosphere.
The studies by Tiwari and Szema13 14 35 weil as by
Omura and Presley!3-16 involve diatomic gases and
tierefore are significant to a study of the earth’s atmosphere.
Tiwarl and Szema calculated the effects of the precursor on
the shock layer and the radiative heating of a body entering
the hydrogen atmosphere of Jupiter, while Omura and
...sley conducted a shock tube study of the electron
densities ahead of strong shock waves in nitrogen as well as
air.
The objective of this study was to develop a technique
fer predicting the character and magnitude of the chemical
and thermal nonequilibrium shock wave precursor ahead of a

_hypervelocity entry vehicle that includes in detil the mass

rroduction due to photodissociation and photoionization of
te various species and properly accounts for radiative
zosorption and emission effects on the internal energy modes
<t both atomic and diatomic species. A secondary objective

was to ascertain the effect of this precursor on the vehicle

flow field.

Radiative Transfer Formulation
In most of the previous work investigating shock wave
precursors, several assumptions have bezn imposed on the
rzdiative transfer calculations, A common assumption has
btezn that the shock layer emits radiation as a black body at
the equilibrium temperatre behind the shock front,10-12.17

Also, several of the previous works have utilized a multiple -

step absorption coefficient modell-13.14 where a1 a given
temperature, the species radiative properties have been
assumed constant over specific frequency regions. However,
since photochemical reactions are being considered,
variations in the radiative transfer can cause significant
changes in the gas. Likewise, the spectral details are very
important in these calculations since the i impornant radiative
precesses occur over different frequency ranges and the
frequency of the photon absorbed as well as the process
through which it is absorbed directly affects how the photon
energy changes the energy of the gas. Without sufficient
spectral deail, it is not possible to ascertain what portion of
the radiation absorbed causes photoionization or
photodissociation and what portion simply causes an
increase in the intemnal energy of the gas.

Because of the necessity of accurate radiation predictions
for the calculation of the photochemical reactons, it was
decided that a complete spectrally detailed method of
calculating the radiative flux was in order. Thus, an
extensively modified version of the program RADICAL was
vulized. This program, originally created by Nicoler!8,
allows the user to select the frequency points used for the
continuum radiation, so it was possible to obtain the
spectral detail necessary for accuracy in the calculation of the
photochemical reactions. RADICAL also performs detailed
calculations of the atomic line radiation.

RADICAL, like many of the schemes currcndy used in
the calculation of radiative transfer, uses the tangent slab
approximation. This assumption is a one-dimensional
approximation of the full equation of radiative transfer,
which treats the radiation emitted at a point in the gas as if
it were emitted by an infinite plane of gas positioned
perpendicular to the direction of travel of the radiation.

- Since the thickness of the shock layer is much smaller than

the body dimensions, each point in the shock layer is
positioned close enough to the body that the rest of the gas
in the radiating shock layer indeed appears to be of infinite
extent; therefore, this is a reasonable assumption in the
shock layer. The precursor, on the other hand, can extend o
distances ahead of the shock which are of the same order of
magnitude as the body diameter. Therefore, in the precursor,
the radiating shock laver no longer appears to be of infinite
extent but instead appears to be a slab of finite diameter.

In the one-dimensional problem, as in the shock laver,
absorption is the only method by which the radiation is

.attenuated as it travels through the gas. Therefore, any

decrease in the radiative intensity through the gas can be
auributed to absorption, which in tum causes an increase in
the energy of the gas equal to the decrease in the radiative
energy. Since the shock layer does not appear to be of
infinite extent at each point in the precursor, however, the
radiation no longer behaves one- -dimensionally.
Consequently, in the precursor the radiative transfer is a
three-dimensional problem in which a decrease in the

-2



radiative intensity can occur due to the geometry as well as
due 1o absorption.

This geometric atenuation in the precursor occurs due
to the fact that the radiatve energy emitted by the finite
diameter shock layer propagates radially outward into the
forward 180 degree semisphere. Therefore, as the energy
emitted progresses outward the aréa through which it passes
increases, thus producing a decrease in the radiative flux.
This decrease, however, is not due to absorption by the gas
and therefore has no effect on the gas.

Thus to use RADICAL for the radiation calculations, it
was necessary 1o correct for the geometric attenuation of the
radiation. This was done by expressing the radiative flux in
the precursor as

TS
q,= AF ¢,

8]

where ¢, 7S is the radiative flux at the point of interest using
the tangent slab approximation and AFy is the geomertric
attenuation factor defined by

afF =[1-co?(p)
Ey((7,~1,)Sec(B)) -~ E (7, Sec(B))
5
E3( - Tv) - E3(Tv)
In this expression, P is half of the angle subtended by the
body as viewed from the point of interest in the precursor.

This expression is derived in detail by Stanley!?
In the species continuity and energy equations, the

@

terms involving the radiation appear as a divergence of the

flux and are defined to account for the absorption and
emission of radiation at a point. However, simple
differentation of equaton (1) yields '

TS .
4, F %9, rs OAF,
—_— = —_— ——
ox v o ox v Tox (3)
In this expression, the first term on the right hand side is the
change in the radiative flux due to the emission and
absorpton of radiadon and the second term is the change due
to the geometry of the problem and should not affect the

gas. Therefore, the second term was neglected in the flow
field calculations. Notice that if the second term was
included in the species continuity and energy equations, an
essentally transparent radiation would appear to be absorbed
due to the spatial variation of the attenuation factor,

In order to properly account for the effects of absorption
and emission of radiation on the energy of the gas, it is
necessary to have an understanding of how each radiative
process physically changes the particles involved. The

effects of the absorption and emission of radiative energy on
the internal energy modes depends on the type of radiative_;

process as well as the frequency of the photon absorbed or
emitted. Radiative processes can be separated into three

categories: free-free, bound-bound and bound-fres. While__

free-free and bound-bound processes cause a change in the
energy of the gas with no chemical change, the bound-free
processes are associatad with chemical reactions in the gas
such as photoionizaticn or photodissociation.
Photodissociation of the relatively cool nitrogen in the

precursor occurs thrcugh a process called predissociation, a -
radiationless process in which a molecule transitions from a_

discreet electronic state 1o a dissociated state.20 In cool
nitrogen, this predissociation occurs primarily through the.
Lyman-Birge- Hopﬁcld molecular band and the subsequen
transfer out of the a’ IT, state into the repulsive 5.5, * state,
Figure 1.

The radiative proczsses included in the calculadon of the =
emission and absorpticn in the shock layer and precursor fors
this study are given in Table 1. The radiative processes
included in the shock layer arz those originally accounied for

“in the modified versicn of RADICAL. These processes

include not only the continuum processes, but also the
atomic lines associated with the nitrogen atom. Since only
continuum processes were included in the precursor, the
continuum mechanisms originally included in RADICAL
were retained. Also, the photoionization of molecular
nitrogen, the Lyman-Birge- Hopﬁeld molecular band and the =

Il lﬂ\h

u

&l

dissociation of molecular nirogen through a connnuumg

adjoining the Lyman-Birge-Hopfield band were added to the
processes in RADICAL. :

The absorption coefficients for photoionization of §
molecular nirogen and the Lyman-Birge-Hopfield molecular
band were determined using theoretical expressions derived _
according to Zel'dovich and Raizer?!. For the.
photoionization process, the absorpuon coefficient was
found to be given by the expression

“(F17%5)

-14 R |
k,=1.9986x10 z —3 €

(Av)

[
1
~.
“

I
-—(Nz elcll
ETTET

\

|
J
89

where the photon enerzy, Av, is given in electron volts.

. T
»
C T

The lower limit on the summation over the electronic states —

in this equation is governed by the requirement that the =

photon energy be greater than the binding energy for the™

staté”" Otherwise, the photon has 1nsufﬁc16m energy to
cause photoionization.

For this study, the summation in equation (4) was
limited to the lowest four electronic states of the nitrogen

&l
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molecule. However, in the cool precursor the populations
of all except the ground electronic state were small. It
should be noted that equation (4) provides values near the
ionization threshold on the same order of magnitude as those
predicted by Zel'dovich and Raizer?? as well as those
predicted by Marr23.

‘The absorption coefficient for the Lyman-Birge-Hopfield
molecular band was found to be given by

N
N 2

16
k,=9.1458¢10

(113,314.97-11,610.14 &v)
- T

®

€

This equation was obtained from expressions given by
Zel'dovich and Raizer?! using an absorption oscillator
strength of 3.7x10° from Allen2* and then correcting to
match experimental predictions given by Watanabe?>, The
absorption coefficient for the dissociation continuum
adjoining this molecular band was assumed to be given by
the expression

-20
kv =4.97x10 NN

2 ©

The constant in this equation was taken from the data
presented by Watanabe for absorption through this process
in cool air.

Precursor Formulation
For this swdy, the earth's atmosphere was modeled as
pure nitrogen rather than a nitrogen oxygen mixture. This
approach is a common simplifying assumption when
performing nonequilibrium, hypervelocity flow field
calculations since a nitrogen gas represents the properties of
air quite well. In dealing with the precursor, however, the

‘primary concem was whether or not the absorption processes

of nitrogen sufficiently model those of air. After careful
consideration it was decided that due to the predominance of

‘nirogen in the atmosphere it would be reasonable to
“represent the atmosphere as nitrogen in this initial study.

The effects of thermal nonequilibrium in the precursor
were included in this study by permitting the free electrons

-and heavy particles to have different temperatures. Further,

it was assumed that the free electrons and electronic states
were in equilibrium at a common temperature, which as

-discussed by Nelson and Goulard!1, is one of the limiting
-cases for the precursor. For this region of the gas, the
-temperature governing the electronic states would normally
:be expected to be greater than the heavy particle temperature
“but less than the electron temperature. Thus, ideally a three

:emperature model should be used allowing a separate

-electronic temperature. Nevertheless, since the mechanisms

and expressions for the transfer of energy between the
electronic states and the free electrons are not well known or
well understood, it was decided to use only a two
temperature model. However, in order to correct for the
local thermodynamic nonequilibrium between the electrons
and the electronic states, a collision limiting correction?6
was applied to the populations of the molecular elecwonic
states when computing the radiative emission and absorption
phenomena.

For this study, the mass production rates in the
precursor due to collisional reactions were neglected in
comparison to those due 1o photochemical reactions. The
photoreactions used in the precursor include the dissociation
of molecular nitrogen and the ionization of both molecular
and atomic nitrogen, i.e.

k.,
N2+hV(—>v12N
k,, .
vV a
N h -
12+ vV & N2+e
k3’ +
N+hve "ON + e

The elastic collisional terms in the electron/electronic energy
equation were evaluated using the collisional cross sections
of Gnoffo, Gupta and Shinn2’,

The effects of the absorption of radiation through free-
free and bound-bound processes were also included in this
study. While these processes do not cause chemical
reactions, they do cause an increase in the energy of the gas
and their effects must be included in the electron/electronic
energy equation. Absorption through atomic lines was
neglected due to the expected low concentration of atomic
species. ‘

The equations governing the fluid properties on the
stagnation streamline in the precursor are the steady, one-
dimensional, nonequilibrium Euler equations.

Global Continuity

d
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v . o _,
ox ox 8
Energy
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in 2quation (9), H is the total enthalpy of the gas defined In
tzrms of the static enthalpy such that

H h IV2
=at5 (10)
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“nie second term in equaton (9) is the gradient of the
—zdiadve flux. This term accounts for the increase or
Jecrease in the energy of the gas due to absorption and

mission of radiation. In addition to these equations, the
e:;.nn'on of state for a wo temperarure gas is required,

= pﬁT ZS [iﬁ—l—J«x» i%
n=1

P M Par (TemT)
n '

(12)

To allow for the effects of thermal nonequilibrium, an
slacrron/electronic energy equation was added to these
23 zations,
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i=1 0 (13)
. Y {hv E PP low
mbo V. let elce | &
i\ v
+ ¥ . = dv
i=1 0
viTere

(14)

T this equation, e, is the kinetic energy of the free
2zmczrons, 3/2kT /me_. while €.yt  and e,° are the
2:znzronic and zero point energies of the nth species. The
‘e three terms on the right hand side of equation (13) allow
o the effects of the absorption of radiation. This equation
+ Jerived in detail in Reference 19,

Chemical nonequilibrium was accounted for in the
sreecursor through the addition of a species continuity
zuation for each of the five species in the problem. These

" must be known in detail.

equauons are of the form

Pa y*
) ) oo n aqv
|4 — = nJ hv g dv
X
? 0 (15)
where
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The term on the right hand side of equation (13) is the mass
producdon rate of the nth species duz 1o photoprocesses.
The absorption coefficients, K, , ¥\.> and K3 are those

for the absorption and emission proc2sses associated with

each of the three photochemical rzactions discussed -

previously. Equation (15) is derived in detail in Reference
19. -

In all of the above equations, the radiative terms, 69/0x ,
are the changes in the radiative flux due only to the
absorption of radiation and not those due to the geomerry of
the problem as discussed in the previous section.

shock Laver Formulation

In order to properly model the precursor ahead of a
shock wave, it is necessary to know the spectral details of
the radiation which passes from the shock layer and through
the shock front to the precursor. In ordar to calculate these
spectral details, the conditions of the gas in the shock layer
For the flight conditions of
interest in this study, a number of important phenomena
such as chemical and thermal nonegquilibrium must be
included to properly model the shock laver. Also, since the
effects of radiadon are of primary imporuance in the
precursor, it is desirable that they be in¢luded in the shock
layer model. The inclusion of these three phenomena can
significantly affect the radiaton and hencz the precursor.

For this porton of the flow field, a viscous shock layer,
VSL, scheme based on a version of the NASA code
\ISL3DNQ~3 was used. The version of VSL3DNQ used i m
this study was modified extensively by Carlson and GallyZ?9
These modifications primarily involved the nonequxhbnum
chemistry and the effects of thermal nonequilibrium.
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However, they also modified the code to allow the shock
layer and radiation calculations to be coupled to the gas
dynamics, thus incorporating the effects of the emission and
absorption of radiation inw the flow field soluton.

Results and Discussion

Figurc 2 compares of the electron mass fractions found
by Omura and Presley15-16 in the precursor ahead of a
shock wave in a nicogen gas to those calculated using the
present method. Omura and Presley measured the electron
densities in the prezursor using a 12 inch shock wbe. The
shock velocity for their case was 11.89 Km/sec. Shown in
this figure, along with Omura and Presley’s results, are two
curves showing the zlectron mass fractions calculated using
the current method. The dashed curve was calculated using
Omura and Preslev's freestream conditions and shock
velocity with a 12 inch diameter body. However, the solid
curve was calculated using a lower freestream density and
pressure than Omura and Presley along with a larger
diameter body scaled so that the conditions match those of
Omura and Presley's case using binary scaling.

As can be seen from this figure, the electron mass
fractions calculated using this method match those found by
Omura and Presley reasonably well near the shock front.
However, far from the shock they deviate. It is believed that
the differences in the electron mass fraction far from the
shock are due to the reflection of the radiative flux off of the
shock tube walls in the Omura and Presley case. This

_ reflection should greaty increase the quantity of radiation

present far ahead of the shock wave over that which would
be present in a free field such as is being used for the
calculations. This increased presence of radiation far from
the shock would induce greater absorption and thus an
increase in the production of electrons due to
photoionization. It is also interesting to note how well the
two sets of calculations maich using binary scaling.

The results discussed in the remainder of this section are
representative of "typical” conditions for an aerobrake
vehicle entering the earth's atmosphere upon return from
Mars. These results were calculated for the stagnation
streamline of a 2.3 meter nose radius vehicle at three
altitudes, 72 Km, 75 Km and 80 Km. The shock layer
calculations were made using 52 points between the shock
wave and the body and allowing for atomic local
thermodynamic nonequilibrium as well as
radiation/gasdynamic coupling. The radiation calculations
were made using 74 continuum frequency points selected to
provide good spectral detail in the ultraviolet absorption
region of interest in the precursor. A wall temperature of
1650 °K was used in both the shock layer and the radiation
calculations.

72 Km, 16 Km/sec
Figure 3 shows the heavy particle temperature,

electron/electronic emperature, pressure and the five species
mole fraction variations through the precursor for this case.
The radiative flux through the shock front for this case was
1,385.0 W/cm? and the spectral details of this radiation are
shown in Figure 4. The shock standoff distance for this case
was 6.60 cm. The radiaden emitted from the shock layer for
this case was the greatest of all of those considered. Thus
this case experienced the largest flow field perturbations in
the precursor region.

From these figures. it can be seen that the heavy
particle temperature and pressure increased steadily through
the precursor region. Hcwever, even for this extreme case
the changes in these values were small. The density and
velocity of the gas were found to be essentially constant in
the precursor. This behavior verifies what was shown by
Tiwari and Szema'>.1% and assumed by many
olherle,l 1,12,15

The electron/electronic energy of the gas also increased
from a value of essentially zero in the freesuream to a value
on the order of 10% immadiately ahead of the shock front. It
should be noted that 98 percent of the radiative energy
absorbed in the precursor affected the elecuon/electronic
energy of the gas and oniy 1 percent of the energy affected
the heavy particle trans!ational, rotational and vibrational
energies of the gas. Likewise, of the increase in the
electron/electronic energy, 96 percent was involved with an
increase in the zero point energy of the gas. Therefore, the
majority of the energy absorbed in the precursor was
involved with the ionization and dissociation of the gas.

The electron/elecronic temperature behaved differently
in the precursor than the other gas propertes. It increased
steadily to a maximum vaiue of approximately 6,300 °K at a
distance of 40 shock stancoff distances ahead of the body. It
then decreased rapidly to a value of 4,290 °K immediately
ahead of the shock front. This decrease in the
electron/electronic temperzrure was a result of the production
of "low" energy electrons through photoionization caused by
photons of frequencies only slightly larger than the
jonization threshold of Na. The production of these "low”
energy electrons causad a ¢ecrease in the average energy per
electron, hence a decrzase in the electron/electronic
temperature. That this decrease was a result of the
production of "low” enerzy electrons rather than due to a
rransfer of energy from the electrons through elastic
collisions was evident since there was no decrease in the
electron/electronic energy accompanying this decrease in the
electron/electronic temperzture. This decrease also coincided
with a region of rapid incrzase in the elecron concentration
in the gas due to the photcionization of molecular nitrogen.

The photons with energy near the ionization threshold
of molecular nitrogen were absorbed rapidly in front of the
shock since the strongast absorption region for an ionization
process is at frequencies near the threshold. The higher
energy photons in the weaker absorption range, far from the



threshold, escaped to distances further from the shock where
they were absorbed causing the creation of high energy
elecuons. The production of these high energy electrons
resulted in a high elecron/electronic temperature far from the
shock. However, although the electron/electronic
temperature was high far from the shock the elecon mass
fracton in this region was extemely small. It should be
noted that a similar decrease in the precursor electron
temperature near the shock was also predicted by Foley and
Clarke!2, although they anributed it to collisional elecrron
impact ionization.

Considering the mole fractions of the five species, it
can be seen that the dominant chemical reaction far from the
shock was the photoionization of atomic nitrogen.
However, near the shock photoionization of molecular
nirogen dominated. The mole fractions of the ionized
nitrogen molecule immediately ahead of the shock werz at
least an order of magnitude greater than those for the
nirogen atom and ionized nitrogen atom; although, there
were significant quantities of all three species.

Due to the fact that the dominant change in the
precursor was due to the photoionization of molecular

nitrogen, the thickness of the precursor was considered 1o be -

the distance through which this reaction had an effec. By
this definition, for this case the shock precursor thickness
was in the range of 75 shock standoff distances, or 495 cm.
Although there was a slight heating of the gas as well as the
production of nitrogen atoms through photodissociation at
greater distances from the shock, their effects were small
compared to the changes within 495 cm of the shock front.

As can be seen in Figure 4, the radiaton propagating
through the shock wave from the shock layer into the
precursor was distributed over a wide range of frequencies. A
large portion of this radiative energy was in the infrared
frequency range (hv < 5 eV). Most of the radiation in this
region was emited by the entry body itself; although,
..embedded within the continuum radiation from the body
were a number of atomic lines. Also, the peak of radiation
near 3.5 ¢V was due 1o three molecular bands, the 1st
negative band of N7+ and the st and 2nd positve bands of
N7. There was also a large quantity of radiative énergy in
the uluaviolet frequency range. That above 10 eV was due
primarily to the Birge-Hopfield band of molecular nitrogen
as well as the ionization continuum and lines of atomic
nitrogen. Through the visible frequency ranges (5 eV < Av
< 8 eV) there was very liule radiative energy.

The second curve on Figure 4 shows the radiative flux
at a position 75 shock standoff distances ahead of the shock
front uncorrected for the geometric attenuation. By
comparing this uncorrected radiative flux to the radiative flux
through the shock front, it is possible to ascertain in what
poruon of the frequency range the cool precursor absorbed.
This figure shows that the precursor absorbed radiation
suongly at frequencies above the ionization threshold of

molecular nitrogen, 15.59 eV. Although there was energy
absorbed at frequencies less than this threshold due to
photodissociation of molecular nitrogen and photoionization
of atomic nitrogen, the amount of energy absorbed in these
processes was small compared to that absorbed in the
photoionization of molecular nitrogen. This result agrees
with the previous statements that the dominant reaction was
molecular ionization.

Through the course of this study it was found that even
though there was significant production of dissociated and
ionized nitrogen in the precursor region, the precursor had
very little effect on the gas in the shock layer. By including
these perturbed preshock conditions in the viscous shock
layer calculations, it was found that they had negligible
effect on the shock layer solution and produced no
measurable change in the radiative heat transfer to the body.
The primary change due to the inclusion of the precursor
was in the conditions of the gas immediately behind the
shock wave. Neglecting the precursor, the mass fractions
for the free electrons, ions and atoms were zero upon
crossing the shock; however, including the effects of the
precursor these mass fractions had nonzero values. Likawise,
including the effects of the precursor resulted in a slight
increase in the electron temperature in the region

. immediately behind the shock front. However, within two

spatial points of the shock front the shock layer solutions
with and without the precursor agreed.

Figure 5 shows the electron number densities and the
electron/electronic temperature in the precursor for three
cases. All three of these cases were at a velocity of 16
Km/sec; however, each case was at a different altitude, 72
Km, 75 Km and 80 Km. The shock standoff distance and
radiative flux through the shock front for each of these cases
are presented in Table 2.

From these figures, it can be seen that for a constant
velocity the magnitude of the changes in the precursor
increased with decreasing altitude. This inverse relationship
corresponds with rends observed by Dobbins!7 and was a
result of two factors. First and foremost, as shown in Table
2, with the decrease in altitude the radiadve flux through the
shock increased due to an increase in the extent of the
equilibrium region in the shock layer. Second, with the
increase in density at the lower altitudes, a larger percentage
of the radiation passing through the shock was absorbed
before being attenvated due to the geometry.

It should also be noted that as the altitude decreased, the
length of the precursor region decreased. This change was a
result of the increased density at the lower altitudes, which
caused the radiative mean free paths to decrease. Hence, the
radiation was absorbed in a shorter distance ahead of the
shock. This trend was also predicted by previous studies.!}

Figure 6 shows the electron number densities and
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electron/electronic temperature for four cases. All of these
cases were at an altitude of 80 Km and the freestream
velocities ranged from 10 10 16 Km/sec. The shock standoff
distance and radiative flux through the shock front for each
of these cases are presented in Table 2.

From these figures, it can be seen that at a constant
aldtude, as the freestream velocity increased the magnitude
of the elecron number densiues in the precursor also
increased. This trend was a result of the increase in the
equilibrium temperature in the shock layer as the velocity
increased and the accompanying rise in the radiative flux
through the shock front; this wrend is also in agreement with
the results and predictons of previous researchers.16-17 The
precursor thickness also increased with velocity, again as a
result of the increased radiative flux with velocity. As the
radiative energy passing through the shock increased, a larger
distance was required for this energy to be absorbed or
anenuated ahead of the shock.

The increase in the velocity had varied effects on the
electron/electronic temperature, however. The electron/
electronic temperature at the shock decreased with velocity
from 10 to 14 Km/sec. However, from 14 to 16 Km/sec it
increased. This vared effect is due to differences in the
guantity of "low” energy electrons created immediately ahead
of the shock due to the ionizauon of molecular nitrogen. In
fact, at 10 Km/sec there was insufficient ionization of
molecular nitrogen ahead of the shock to cause a decrease in
the elecmon/electronic temperature.

Conclusions .

In this paper, a model for predicting the magnitude an
characteristics of the shock wave precursor ahead of a
hypervelocity vehicle has been presented. This method
includes detailed mass production for photodissociation and
photoionization and accounts for the effects of emission and

.absorption on the individual energy modes of the gas. This

iechnique includes the effects of both chemical and thermal
nonequilibrium as well as in the radiative flux calculations
the consequences of local thermodynamic nonequilibrium for
the molecular species.

This method has been used to determine the shock wave
oracursor ahead of vehicles entering the earth’s atmosphere
vpon retrn from Mars. Comparison of the results to
orevious shock tube studies has shown that the method

“provides reasonably accurate results. The test cases have

shown that there is significant production of atoms, ions,

.and electrons ahead of the shock front and that the precursor

1s characterized by molecular ionization and an enhanced

- zlectron/electronic temperature. However, the precursor has
"riegligible effect on the subsequent shock layer flow field.
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Table 1: Radiative Processes Included in the Shock

Laver and Precursor

Radiarive Process
Shock Laver
Free-Free, Bremsstrahlung
N - Low Frequency ionizaton
(Highly exciied states)

- High Frequency lonization
(Ground and first two excited
states)

- Atomic Lines

N3 - Birge-Hopfield Molecular Band
- 1st Positive Molecular Band
- 2nd Positive Molecular Band

. Nz*’- 1st Negauve Molecular Band

Precursor
Free-Free, Bremsstrahiung

N - Low Frequency Ionizadon
(Highly excited states)

- High Frequency Ionization
(Ground ard first two excited
states)

N7 - Tonizadon Continuum
{Greund and first three excited
states)

- Birge-Hopfieid Molecular Band

- 1st Posidve Molecular Band

- 2nd Positive Molecular Band

- Lyman-Birge-Hopfield Molecular

Band
-- Dissociation Continuum

Ereq. Range

0.0 <hv
0.0 <hv

10.9 < hv

6.50 <hv < 12.77
0.75<hv <45
0.75<hv <45
223 <hv < 4.46

0.0 <hv
0.0 <hv

10.8 < hv
8.24 <hv

65<hv <1277
0.75<hv <45
0.75<hv <45
477 < hv < 9.78

9.78 < hv

(Adjoining Lyman-Birge-Hopfield

molecular band) .
No+- 1st Negative Molecular Band

223 <hv <446

Table 2: Shock Standoff Distances and Radiative Fluxes

Xshock

|4 All gshock
(Km/sec)  (Km) (cm) (W/em?)
16 72 6.60 1,385.0
16 75 6.72 776.2
16 80 7.25 264.5
14 80 8.69 126.9
12 80 10.70 63.9
10 80 11.14 542
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A model has been devclopetflo predict the magmtude arﬂ charactensucs of the shock wave precursor ahead
of a hypervelocily vehicle entering the Earth’s atmosphere. This model includes both chemical and thermal
nonequilibrium, utilizes detailed mass production rates for the photodissociation and photoionization reactions,
and accounts for the effects of radiative absorption and emission on the individual internal energy modes of
both atomic and diatomic species. For this study, the Earth’s atmosphere is modeled as pure nitrogen rather than
as a nitrogen oxygen mixture. Comparison of the present results with shock tube data indicates that the model
is reasonably accurate. A series of test cases representing Earth aerocapture return from Mars indicate that there
Is a significant production of atoms, ions, and electrons ahead of the shock front due to radiative absorption and
that the precursor is characterized by an enhanced electron/electronic temperature and molecular ionization.
However, the precursor has & negligible effect on the shock luyer flowfield.

Nomenclature
AF = radiation attenuation factor
D, =dissociation energy for the nth species, eV

E = energy per particle, eV

E; = third exponential integral

e = energy per unit mass, erg/g

e, = electron/electronic energy, erg/g
H = total enthalpy, erg/g

h = static enthalpy, erg/g

hv = photon energy, eV

I; = ionization energy of the /th species, eV
k = Boltzmann’s constant, 1.38 x 10~ erg/K
k! = absorption coefficient, 1/cm

B
[

= molecular weight of the nth species, g/mole
mass per particle of the nth species, g

= number density of the nth species, 1/cm?

= number of bound-free dissociation processes

= number of molecular bands

= number of species

pressure, dyne/cm?

radiative flux, W/cm?

= universal gas constant, 8.317 x 107 erg/K g mole
= heavy particle temperature, K
electron/electronic temperature, K

velocity, cm/s

mass production rate of the nth species, g/cm? s
= spatial variable in the precursor, cm

= absorption coefficient ratio

= one-half of the angle subtended by the body

= frequency, /s

= energy production due to inelastic collisions, W/cm?*
= density, g/cm?
= optical depth
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Subscripts

elct = electronic

i = for the ith process ]
J = for the jth electronic level
n = for the nth species

rot = rotational

tr = translational

vib = vibrational

v = at the frequency »
Superscripts

TS = tangent slab approximation
K = at the shock

Introduction

HE recent emphasis placed on a mission to Mars and the

subsequent return of samples has caused an increased
interest in the development of accurate methods for predicting
the fluid flow around hypersonic entry vehicles. This interest
is a result of the plan to use an aerocapture technique to
provide the reduction in velocity necessary to place the space-
craft in Earth orbit. This technique uses aerodynamic drag,

resulting from the interaction of the spacecraft with the
Earth’s atmosphere, instead of propulsive braking to slow the
vehicle to orbital speeds. Such an approach provides a reduc-
tion in the fuel necessary for the mission and an increase in the
payload capabilities. A vehlcler__gntgrlfnég the Earth’s atmo-
sphere upon return from Mars will expenencc velocmes in the
high hypersonic range, 11-16 km/s.!?

The majority of the recent work associated with hypersomc

flowfields has involved the shock layer; the shock wave pre-

cursor, on the other hand, has received little attention. The
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precursor is the region ahead of the shock wave in which
radiation, primarily ultraviolet, emitted by the hot shock layer
is reabsorbed by the gas. This absorption of radiation causes

a heating of the gas in the precursor and the productlon of

atoms as well as ions through the photoionization and photo-
dissociation reactions. These changes might also in turn affect
the gas behind the shock front. For example, the prcheating of
the gas in the precursor as well as the introduction of electrons
and ions could potentially increase the rate at which the gas
behind the shock approaches equilibrium. It has also been
shown that for certain conditions the absorption of radiation
ahcad of the shock can cause significant increases in the radia-
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tive heating to the body.3* Further, the presence of free elec-
trons in the precursor can significantly affect communications
with and identification of entry vehicles.5-¢

Much of the previous work on shock wave precursors has
been performed using shock tubes and shock tunnels.”? A
number of computational studies have also been per-
formed.'®'3 The majority of this previous work, however, has
involved monatomic gases and is therefore not directly appli-
cable to the Earth’s atmosphere.

The studies by Tiwari and Szema'>!* as well as by Omura
and Presley'> ! involve diatomic gases and therefore are sig-
nificant to a study of the Earth’s atmosphere. Tiwari and
Szema calculated the effects of the precursor on the shock
layer and the radiative heating of a body entering the hydro-
gen atmosphere of Jupiter, whereas Omura and Presley con-
ducted a shock tube study of the electron densities ahead of
strong shock waves in nitrogen as well as air.

The objective of this study was to develop a technique for
predicting the character and magnitude of the chemical and
thermal nonequilibrium shock wave precursor ahead of a hy-
pervelocity entry vehicle that includes in detail the mass pro-
duction due to photodissociation and photoionization of the
various species and properly accounts for radiative absorption
and emission effects on the internal energy modes of both
atomic and diatomic species. A secondary objective was to
ascertain the effect of this precursor on the vehicle flowfield.

Radiative Transfer Formulation

In most of the previous work investigating shock wave
precursors, several assumptions have been imposed on the
radiative transfer calculations. A common assumption has
been that the shock layer emits radiation as a black body at
the equilibrium temperature behind the shock front.!0.12.17
Also, several of the previous works have utilized a multiple
step absorption coefficient model'-!*-1* where, at a given tem-
perature, the species radiative properties have been assumed
constant over specific frequency regions. However, since pho-
tochemical reactions are being considered, variations in the
radiative transfer can cause significant changes in the gas.
Likewise, the spectral details are very important in these calcu-
lations since the important radiative processes occur over dif-
ferent frequency ranges and the frequency of the photon ab-
sorbed as well as the process through which it is absorbed
directly affects how the photon energy changes the energy of
the gas. Without sufficient spectral detail, it is not possible to
ascertain what portion of the radiation absorbed causes pho-
toionization or photodissociation and what portion simply
causes an increase in the internal energy of the gas.

Because of the necessity of accurate radiation predictions
for the calculation of the photochemical reactions, it was
decided that a complete spectrally detailed method of calculat-
ing the radiative flux was in order. Thus, an extensively mod-
ified version of the program RADICAL was utilized. This
program, originally created by Nicolet,!'® allows the user to
select the frequency points used for the continuum radiation,
so it was possible to obtain the spectral detail necessary for
accuracy in the calculation of the photochemical reactions.
RADICAL also performs detailed calculations of the atomic
line radiation. :

RADICAL, like many of the schemes currently used in the
calculation of radiative transfer, uses the tangent slab approx-
imation. This assumption is a one-dimensional approximation
of the full equation of radiative transfer, which treats the
radiation emitted at a point in the gas as if it were emitted by
an infinite plane of gas positioned perpendicular to the direc-
tion of travel of the radiation. Since the thickness of the shock
layer is much smaller than the body dimensions, each point in
the shock layer is positioned close enough to the body that the
rest of the gas in the radiating shock layer indeed appears to be
of infinite extent; therefore, this is a reasonable assumption in
the shock layer. The precursor, on the other hand, can extend
1o distances ahead of the shock that are of the same order of

magnitude as the body diameter. Therefore, in the precursor,
the radiating shock layer no longer appears to be of infinite
extent but instead appears to be a slab of finite diameter.

In the one-dimensional problem, as in the shock layer,
absorption is the only method by which the radiation is atten-
vated as it travels through the gas. Therefore, any decrease in
the radiative intensity through the gas can be attributed to
absorption, which in turn causes an increase in the energy of
the gas equal to the decrease in the radiative energy. Since the
shock layer does not appear to be of infinite extent at each
point in the precursor, however, the radiation no longer be-
haves one dimensionally. Consequently, in the precursor the
radiative transfer is a three-dimensional problem in which a
decrease in the radiative intensity can occur due to the geome-
try as well as the absorption.

This geometric attenuation in the precursor occurs because
the radiative energy emitted by the finite diameter shock layer
propagates radially outward into the forward 180 deg semi-
sphere. Therefore, as the energy emitted progresses outward,
the area through which it passes increases, thus producing a
decrease in the radiative flux. This decrease, however, is
not due to absorption by the gas and therefore has no effect
on the gas.

Thus, to use RADICAL for the radiation calculations, it
was necessary to correct for the geometric attenuation of the
radiation. This was done by expressing the radiative flux in the
precursor as

q.= AF,q m
where g7 is the radiative flux at the point of interest using the

tangent slab approximation and AF, is the geometric attenua-
tion factor defined by

AF, = {1 _ cosi(@) Bl = 7) see®) - Eilr, SCC(B)]} @

Ey(r, - 1) - Ex(7,)

In this expression, # is half of the angle subtended by the
body as viewed from the point of interest in the precursor.
This expression is derived in detail by Stanley."?

In the species continuity and energy equations, the terms
involving the radiation appear as a divergence of the flux and
are defined to account for the absorption and emission of
radiation at a point. However, simple differentiation of Eq. (1)
yields

dq, dq S 3AF,
_— = AF —
ax "Tax T Tax @

In this expression, the first term on the right-hand side is the
change in the radiative flux due to the emission and absorption
of radiation, and the second term is the change due to the
geometry of the problem and should not affect the gas. There-
fore, the second term was neglected in the flowfield calcula-
tions. Notice that if the second term was included in the
species continuity and energy equations, an essentially trans-
parent radiation would appear to be absorbed due to the
spatial variation of the attenuation factor.

To properly account for the effects of absorption and emis-
sion of radiation on the energy of the gas, it is necessary
to have an understanding of how each radiative process
physically changes the particles involved. The effects of the
absorption and emission of radiative energy on the internal
energy modes depend on the type of radiative process as well
as the frequency of the photon absorbed or emitted. Radiative
processes can be separated into three categories: free-free,
bound-bound, and bound-free. While free-free and bound-
bound processes cause a change in the energy of the gas with
no chemical change, the bound-free processes are associated
with chemical reactions in the gas, such as photoionization or
photodissociation.
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Fig. 1 Potential energy diagram of N,.

Table 1 Radiative processes included in
the shock layer and precursor

Radiative process Frequency range

Shock layer
Free-free, bremsstrahlung 0.0<hy
N Low frequency ionization
(highly excited states) 0.0<hy
High frequency ionization (ground
and first two excited states) 109<hy

_Atomic lines . _

N;  Birge-Hopfield molecular band 6.5<hv<12.77
First positive molecular band 0.75<hv<4.5
Second positive molecular band 0.75<hv<4.5

: 2.23<hv<4.46

N First negative molecular band

Precursor
Free-free, bremsstrahlung 0.0<hv
N Low frequency ionization
© (highly excited states) 0.0<hv
High frequency ionization (ground
and first two excited states) 10.8<h»
N; Ionization continuum (ground and
first three excited states) 8.24<hvy
Birge-Hopfield molecular band 6.5<hv<12.77
First positive molecular band 0.75<hv<4.5
Second positive molecular band 0.75<hv<4s

Lyman-Birge-Hopfield molecular band
Dissociation continuum (adjoining
Lyman-Birge-Hopficld molecular band)
Ny First negative molecular band

4.77<hv<9.78

9.78< hy
2.23<hv<4.46

Photodissociation of the relatively cool nitrogen in the pre-
cursor occurs through a process called predissociation, a radi-
ationless process in which a molecule makes a transition from
a discreet electronic state to a dissociated state.?® In cool
nitrogen, this predissociation occurs primarily through the
Lyman-Birge-Hopfield molecular band and the subsequent
transfer out of the a'll, state into the repulsive L, + state
(Fig. 1).

The radiative processes included in the calculation of the
emission and absorption in the shock layer and precursor for
this study are given in Table 1. The radiative processes in-
cluded in the shock layer are those originally accounted for in
the modified version of RADICAL. These processes include
not only the continuum processes but also the atomic lines
associated with the nitrogen atom. Since only continuum pro-
cesses were included in the precursor, the continuum mecha-

nisms originally included in RADICAL were retained. Also,
the photoionization of molecular nitrogen, the Lyman-Birge-
Hopfield molecular band, and the dissociation of molecular
nitrogen through a continuum adjoining the Lyman-Birge-
Hopfield band were added to the processes in RADICAL.

The absorption cocefficients for photoionization of molecu-
lar nitrogen and the Lyman-Birge-Hopficld molecular band
were determined using theoretical expressions derived accord-
ing 10 Zel’dovich and Raizer.2! For the photoionization pro-
cess, the absorption coefficient was found 1o be given by the
expression :

Nu = |
k,=1.9986x 10-14 -2 ¥V -, -x) (4a)
(hv)3j=1'13
(INZ - E:lcll) 4b)
X, = T (

where the photon energy #Av is given in electron volts. The
lower limit on the summation over the electronic states in this
equation is governed by the requirement that the photon energy
be greater than the binding energy for the state. Otherwise, the
photon has insufficient energy to cause photoionizatign,

For this study, the summation in Egs. (4) was limited to the
lowest four electronic states of the nitrogen molecule. How-
ever, in the cool precursor the populations of all except the
ground electronic state were small. It should be noted that
Egs. (4) provide values near the ionization threshold on the
same order of magnitude as those predicted by Zel’dovich and
Raizer? as well as those predicted by Marr.3

The absorption coefficient for the Lyman-Birge-Hopfield
molecular band was found to be given by

113,314.97 - 11,610.144
k'zg.m“w,é%cxp[_( 3,314.97 - 11,610.14 v)] )

T

This equation was obtained from expressions given by
Zel'dovich and Raizer? using an absorption oscillator strength
of 3.7 x 10~¢ from Allen? and then correcting to match ex-

perimental predictions given by Watanabe.? The absorptioh ™
coefficient for the dissociation continuutn “adjoining this

molecular band was assumed to be given by the expression
k, = 4.97 x 10-29N,, (6)

The constant in this equation was taken from the data pre-
sented by Watanabe for absorption through this process in
cool air.

Precursor Formulation

For this study, the Earth’s atmosphere was modeled as pure
nitrogen rather than a nitrogen oxygen mixture. This ap-
proach is a commor simplifying assumption when performing
nonequilibrium, hypervelocity flowfield calculations since a
nitrogen gas represents the properties of air quite well. In
dealing with the precursor, however, the primary concern was
whether or not the absorption processes of nitrogen suffi-
ciently model those of air. After careful consideration it wis
decided that due to the predominance of nitrogen in the atmo-
sphere it would be reasonable to represent the atmosphere as
nitrogen in this initial study. ’

The effects of thermal nonequilibrium in the precursor were
included in this study by permitting the free electrons and
heavy particles to have different temperatures. Further, it was
assumed that the free electrons and electronic states were in
equilibrium at a common temperature, which, as discussed by
Nelson and Goulard," is one of the limiting cases for the
precursor. For this region of the gas, the temperature govern-
ing the electronic states would normally be expected 1o be
greater than the heavy particle temperature but less than the
electron temperature. Thus, ideally a three temperature model
should be used allowing a separate electronic temperature.
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Nevertheless, since the mechanisms and expressions for the
transfer of energy between the electronic states and the free
electrons are not well known or well understood, it was de-
cided to use only a two temperature model. However, to
correct for the local thermodynamic nonequilibrium between
the electrons and the electronic states, a collision limiting
correction®® was applied to the populations of the molecular
electronic states when computing the radiative emission and
absorption phenomena.

For this study, the mass production rates in the precursor
due to collisional reactions were neglected in comparison with
those due to photochemical reactions. The photoreactions
used in the precursor include the dissociation of molecular
nitrogen and the ionization of both molecular and atomic
nitrogen, i.e.,

Nz + hV"‘k"VZN
Ny + hv—~f N +e-
N+ hv=* s N* +e-

The elastic collisional terms in the electron/electronic en-
ergy equation were evaluated using the collisional cross sec-
tions of Gnoffo et al.?’

The effects of the absorption of radiation through free-free
and bound-bound processes were also included in this study.
Although these processes do not cause chemical reactions,
they do cause an increase in the energy of the gas, and their
effects must be included in the electron/electronic energy
equation. Absorption through atomic lines was neglected due
to the expected low concentration of atomic species.

The equations governing the fluid properties on the stagna-
tion streamline in the precursor are the steady, one-dimen-
sional, nonequilibrium Euler equations.

Global continuity: )

2
Ix (pV)=0 U]
X
Momentum:
av  ap '
V—+—=0 8
L adx Ix ®
Energy:
dH dq
V—1+—=0 9
° ax * dx ©)

In Eq. (9), H is the total enthalpy of the gas defined in terms

of the static enthalpy such that
H=h+vny? (10)

where

n
p f
h= _p + E (elr,, + €01, + €vip, + €eict,, + er?) (i
n=1

The second term in Eq. (9) is the gradient of the radiative flux.
This term accounts for the increase or decrease in the energy
of the gas due to absorption and emission of radiation. In
addition to these equations, the equation of state for a two
temperature gas is required,

P pn 1 R Pe-
=oRTL (2" — ) v p—2 (1.1 12
? g ngl<p Mn) pMc’ 14 ( ¢ ) ( )
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To allow for the effects of thermal nonequilibrium, an elec-
tron/electronic energy equation was added to these equations,

n
P v s .Vt g
9 "y= —p,— + nt W = =
ax (pVee) p' ax "zz:lze' ‘ 2 ax
nag (= YI(hv — AEgq, — D)) 3,
+ E v
i=1Jo hv dx
Tmp ('@ YP(hy — ESP 4 EOVy 4
+E\ e a3
i=1Jo hv ax ’
where
6’: =£:); €e- + E(eclc!,, +er?) (]4)
n=1

In this equation, e.- is the kinetic energy of the free electrons,
3/2kT./m.-, whereas e, and e? are the electronic and zero
point energies of the nth species. The last three terms on the
right-hand side of Eq. (13) allow for the effects of the absorp-
tion of radiation. This equation is derived in detail in Ref. 19.

Chemical nonequilibrium was accounted for in the precur-
sor through the addition of a species continuity equation for
each of the five species in the problem. These equations are of
the form

(pn/ =7, aq,
pVM=—m”§ "qd

—— 15
ax o hv dx ’ (13)
where
v k; +k,, (162)
=TT 2
M k'(oc
Vi =1 (16b)
2, — ki, -
™= T (16¢c)
k,,'3
Ya-=1 (16d)
k,fz + k,’l
Y, = T (16¢)

The term on the right-hand side of Eq. (I5) is the mass
production rate of the nth species due to photoprocesses. The
absorption coefficients, k;,, k/,, and k,, are those for the
absorption and emission processes associated with each of
the three photochemical reactions discussed previously. Equa-
tion (15) is derived in detail in Ref. 19.

In all of the previous equations, the radiative terms 3g/3x
are the changes in the radiative flux due only to the absorption
of radiation and not those due to the geometry of the problem
as discussed in the previous section. :

The equations governing the flowfield properties in the
precursor were solved using a space marching technique start-
ing at a point far from the shock front and marching in toward
the shock wave. The point furthest from the shock wave was
assumed to be far enough from the radiating shock layer that
the ultraviolet radiation was absorbed between this point and
the shock; thus the gas properties at this point were forced to
remain at the freestream conditions. The spacing between each
spatial point was adjusted as the solution progressed to pre-
vent the changes in the flowfield properties between each point
from becoming too large. This procedure forced a large con-
centration of points in the regions of large gradients and
allowed the distance between the points to increase in regions
of small gradients. At each individual point in the precursor,
the governing equations, Eqs. (7-16), were solved using an
iterative procedure.
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Fig. 3 Precursor profiles for 16 km/s case at 72 km altitude.

Shock Layer Formulation

To properly model the precursor ahead of a shock wave, it
is necessary to know the spectral details of the radiation that
passes from the shock layer and through the shock front to the
precursor. To calculate these spectral details, the conditions of
the gas in the shock layer must be known in detail. For the
flight conditions of interest in this study, a number of impor-
tant phenomena such as chemical and thermal nonequilibrium
must be included to properly model the shock layer. Also,
since the effects of radiation are of primary importance in the
precursor, it is desirable that they be included in the shock
layer model. The inclusion of these three phenomena can
significantly affect the radiation and hence the precursor.

For this portion of the flowfield, a viscous shock layer (VSL)
scheme based on a version of the NASA code VSL3IDNQ?
was used. The version of VSL3IDNQ used in this study was
modified extensively by Carison.?” These modifications pri-
marily involved the nonequilibrium chemistry and the effects
of thermal nonequilibrium. However, the code was also mod-
ified to allow the shock layer and radiation calculations to be
coupled to the gas dynamics, thus incorporating the effects of
the emission and absorption of radiation into the flowfield
solution.

Results and Discussion

Figure 2 compares the electron mass fractions found by
Omura and Presley'>'¢ in the precursor ahead of a shock wave
in a nitrogen gas with those calculated using the present
method. Omura and Presley measured the electron densities in
the precursor using a 12-in. shock tube. The shock velocity for
their case was [11.89 km/s. Shown in this figure, along with
Omura and Presley’s results, are two curves showing the elec-
tron mass fractions calculated using the current method. The
dashed curve was calculated using Omura and Presley’s
freestream conditions and shock velocity with a 12-in.-diam
body. However, the solid curve was calculated using a lower
freestream density and pressure than Omura and Presley along
with a larger diameter body scaled so that the conditions
match those of Omura and Presley’s case using binary scaling.

As can be seen from this figure, the electron mass fractions
calculated using this method match those found by Omura
and Presley reasonably well near the shock front. However,
far from the shock they deviate. It is believed that the differ-
ences in the electron mass fraction far from the shock are due
to the reflection of the radiative flux off of the shock tube
walls in the Omura and Presley case. This reflection should
greatly increase the quantity of radiation present far ahead of
the shock wave over that which would be present in a free field
such as is being used for the calculations. This increased
presence of radiation far from the shock would induce greater
absorption and thus an increase in the production of electrons

~ due to photoionization. It is also interesting to note how well

the two sets of calculations match using binary scaling.

The results discussed in the remainder of this section are

representative of *‘typical’’ conditions for an aerobrake vehi-
cle entering the Earth’s atmosphere upon return from Mars.
These results were calculated for the stagnation streamline
of a 2.3 m nose radius vehicle at three altitudes: 72, 75, and
80 km. The shock layer calculations were made using 52 points
between the shock wave and the body and allowing for atomic
local thermodynamic nonequilibrium as well as radiation/gas-
dynamic coupling. The radiation calculations were made using
74 continuum frequency points selected to provide good spec-
tral detail in the ultraviolet absorption region of interest in the
precursor. A wall temperature of 1650 K was used in both the
shock layer and the radiation calculations.

72 km, 16 km/s

Figure 3 shows the heavy particle temperature, electron/
electronic temperature, pressure, and the five species mole
fraction variations through the precursor for this case. The
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Fig. 4 Radiative transfer for 16 km/s case at 72 km altitude.

radiative flux through the shock front for this case was 1385.0
W/cm?, and the spectral details of this radiation are shown
in Fig. 4. The shock standoff distance for this case was 6.60
cm. The radiation emitted from the shock layer for this case
was the greatest of all of those considered. Thus this case
experienced the largest flowfield perturbations in the precur-
sor region.

From these figures, it can be seen that the heavy particle
temperature and pressure increased steadily through the pre-
cursor region. However, even for this extreme case the
changes in these values were small. The density and velocity of
the gas were found to be essentially constant in the precursor.
This behavior verifies what was shown by Tiwari and
Szema'?! and assumed by many others. !0-12.15

The electron/electronic energy of the gas also increased
from a value of essentially zero in the freestfeam to a value on
the order of 10° immediately ahead of the shock front. It was
observed from comparisons of the total energy increase in the
precursor to the electron/electronic energy increase that 99%
of the radiative energy absorbed affected the electron/elec-
tronic energy of the gas. Only 1% of the energy absorbed
affected the heavy particle translational, rotational, and vibra-
tional energies of the gas. Furthermore, by comparing the
increase in the zero point energy of the gas with the increase in
the electron/electronic energy, it was found that 96% of the
increase in the electron/electronic energy was involved with an
increase in the zero point energy. From this, it was found that
the majority of the energy absorbed in the precursor was
involved with the ionization and dissociation of the gas.

The electron/electronic temperature behaved differently in
the precursor than the other gas properties. It increased
steadily to a maximum value of approximately 6300 K at a
distance of 40 shock standoff distances ahead of the body. It
then decreased rapidly to a value of 4290 K immediately ahead

of the shock front. This decrease in the electron/electronic

temperature was a result of the production of “low’ energy
electrons through photoionization caused by photons of fre-
quencies only slightly larger than the ionization threshold of
N;. The production of these low energy electrons caused a
decrease in the average energy per electron, hence a decrease in
the electron/electronic temperature. That this decrease was a
result of the production of low energy electrons rather than
due to a transfer of energy from the electrons through elastic
collisions was evident since there was no decrease in the elec-
tron/electronic energy accompanying this decrease in the elec-
tron/electronic temperature. This decrease also coincided with
a region of rapid increase in the electron concentration in the
gas due to the photoionization of molecular nitrogen.

The photons with energy near the ionization threshold of
molecular nitrogen were absorbed rapidly in front of the
shock since the strongest absorption region for an ionization

process is at frequencies near the threshold. The higher energy
photons in the weaker absorption range, far from the
threshold, escaped to distances further from the shock where
they were absorbed, causing the creation of high energy elec-
trons. The production of these high energy electrons resulted
in a high electron/electronic temperature far from the shock.
However, although the electron/electronic temperature was
high far from the shock, the electron mass {raction in this
region was extremely small. It should be noted that a similar
decrease in the precursor electron temperature near the shock
was also predicted by Foley and Clarke,'? although they at-
tributed it to collisional electron impact ionization.

Considering the mole fractions of the five species, it can be
seen that the dominant chemical reaction far from the shock
was the photoionization of atomic nitrogen. However, near
the shock, photoionization of molecular nitrogen dominated.
The mole fractions of the ionized nitrogen molecule immedi-
ately ahead of the shock were at least an order of magnitude
greater than those for the nitrogen atom and ionized nitrogen
atom, although there were significant quantities of all three
species.

Because the dominant change in the precursor was due to
the photoionization of molecular nitrogen, the thickness of
the precursor was considered to be the distance through which
this reaction had an effect. By this definition, for this case the
shock precursor thickness was in the range of 75 shock stand-
off distances or 495 cm. Although there was a slight heating of
the gas as well as the production of nitrogen atoms through
photodissociation at greater distances from the shock, their
effects were small compared with the changes within 495 cm of
the shock front. -

As can be seen in Fig. 4, the radiation propagating through
the shock wave from the shock layer into the precursor was
distributed over a wide range of frequencies. A large portion
of this radiative energy was in the infrared frequency range
(hv = 5 eV). Most of the radiation in this region was emitted
by the entry body itself, although embedded within the contin-
uum radiation from the body were a number of atomic lines.

. Also, the peak of radiation near 3.5 eV was due to three

molecular bands, the first negative band of N; and the first
and second positive bands of N,. There was also a large
quantity of radiative energy in the ultraviolet frequency range.
That above 10 eV was due primarily to the Birge-Hopfield
band of molecular nitrogen as well as the ionization contin-
uum and lines of atomic nitrogen. Through the visible fre-
quency ranges (5 eV < hv < 8 eV) there was very little radia-
tive energy.

The second curve in Fig. 4 shows the radiative flux at a
position 75 shock standoff distances ahead of the shock front
uncorrected for the geometric attenuation. By comparing this
uncorrected radiative flux with the radiative flux through the
shock front, it is possible to ascertain in what portion of the
frequency range the cool precursor absorbed. This figure
shows that the precursor absorbed radiation strongly at fre-
quencies above the ionization threshold of molecular nitrogen,
15.59 eV. Although there was energy absorbed at frequencies
less than this threshold due to photodissociation of molecular
nitrogen and photoionization of atomic nitrogen, the amount
of energy absorbed in these processes was small compared
with that absorbed in the photoionization of molecular nitro-
gen. This result agrees with the previous statements that the
dominant reaction was molecular ionization.

Through the course of this study it was found that even
though there was significant production of dissociated and
ionized nitrogen in the precursor region, the precursor had
very little effect on the gas in the shock layer. By including
these perturbed preshock conditions in the viscous shock layer
calculations, it was found that they had negligible effect on the
shock layer solution and produced no measurable change in
the radiative heat transfer to the body. The primary change
due to the inclusion of the precursor was in the conditions of
the gas immediately behind the shock wave. Neglecting the
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Table 2 Shock standoff distances and radiative fluxes

V.km/s Al km  Xihock, €M Gshock, W/em?

16 72 6.60 1385.0
16 75 6.72 776.2
16 80 7.25 264.5
14 80 8.69 126.9
12 80 10.17 65.9

10 80 T o114 54.2

precursor, the mass fractions for the free electrons, ions, and
atoms were zero upon crossing the shock; however, including
the effects of the precursor, these mass fractions had nonzero
values. Likewise, including the effects of the precursor re-
sulted in a slight increase in the electron temperature in the
region immediately behind the shock front. However, within
two spatial points of the shock front the shock layer solutions
with and without the precursor agreed.

Parametric Studies

Figure 5 shows the electron number densities and the elec-
tron/electronic temperature in the precursor for three cases.
All three of these cases were at a velocity of 16 km/s; however,
each case was at a different altitude: 72, 75, and 80 km. The
shock standoff distance and radiative flux through the shock
front for each of these cases are presented in Table 2.

From these figures, it can be seen that for a constant veloc-
ity the magnitude of the changes in the precursor increased
with decreasing altitude. This inverse relationship corresponds
with trends observed by Dobbins!” and was a result of two
factors. First and foremost, as shown in Table 2, with the
decrease in altitude the radiative flux through the shock in-
creased due to an increase in the extent of the equilibrium
region in the shock layer. Second, with the increase in density
at the lower altitudes, a larger percentage of the radiation
passing through the shock was absorbed before being attenu-
ated due to the geometry,

It should also be noted that as the altitude decreased, the
length of the precursor region decreased. This change was a
result of the increased density at the lower altitudes, which
caused the radiative mean free paths to decrease. Hence, the
radiation was absorbed in a shorter distance ahead of the
shock. This trend was also predicted by previous studies.!!

Figure 6 shows the electron number densities and electron/
electronic temperature for four cases. All of these cases were
at an altitude of 80 km, and the freestream velocities ranged
from 10 to 16 km/s. The shock standoff distance and radiative
flux through the shock front for each of these cases are pre-
sented in Table 2.

From these figures, it can be seen that, at a constant alti-
tude, as the freestream velocity increased the magnitude of the
electron number densities in the precursor also increased. This
trend was a result of the increase in the equilibrium tempera-
ture in the shock layer as the velocity increased and the accom-
panying rise in the radiative flux through the shock front; this
trend is also in agreement with the results and predictions of
previous researchers.'®!” The precursor thickness also in-
creased with velocity, again as a result of the increased radia-
tive flux with velocity. As'the radiative energy passing through
the shock increased, a larger distance was required for this
energy to be absorbed or attenuated ahead of the shock.

The increase in the velocity had varied effects on the elec-

tron/electronic’ temperature, however. The electron/electromnic

temperature at the shock decreased wi ocity from 10 to

14 km/s. However, from 14 to 16 km/s it increased. This

varied effect is due to difTerences in the quantity of low energy

electrons created immediately ahead of the shock due to the
ionization of molecular nitrogen. In fact, at 10 km/s there was
insufficient ionization of molecular nitrogen ahead of the shock
to cause a decreasce in the electron/electronic temperature.
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Conclusions

In this paper, 2 model for predicting the magnitude and
characteristics of the shock wave precursor ahead of a hyper-
velocity vehicle in the Earth’s atmosphere has been presented.
This model treats the Earth’s atmosphere as a nitrogen gas.
This method includes detailed mass production for photo-
dissociation and photoionization and accounts for the effects
of emission and absorption on the individual energy modes of
the gas. This technique includes the effects of both chemical
and thermal nonequilibrium in the flowfield as well as, in the
radiative flux calculations, the consequences of local thermo-
dynamic nonequilibrium for the molecular species.

This method has been used to determine the shock wave
precursor ahead of vehicles entering the Earth’s atmosphere
upon return from Mars. Comparison of the results with previ-
ous shock tube studies has shown that the method provides
reasonably accurate results. The test cases have shown that
there is significant production of atoms, ions, and electrons
ahead of the shock front and that the precursor is character-
ized by molecular ionization and an enhanced electron/elec-
tronic temperature. However, for the conditions considered in
this study, the precursor has negligible effect on the subse-
quent shock layer flowfield. For flowfield calculations around
entry vehicles at greater velocities or which penetrate deeper
into the Earth’s atmosphere at similar velocities to those stud-
ied here, the precursor could be significant. However, even at
the conditions considered in this study, the free electrons
present in the precursor could have significant impact on
communication with the entry vehicle.
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Abstract

A radiatively coupled viscous shock layer analysis program
which includes chemical and thermal nonequilibrium is used to
calculate stagnation point flow profiles for typical aeroassisted
orbital transfer vehicle conditions. Two methods of predicting
local thermodynamic nonequilibrium radiation effects are used
as a first and second order approximation lo this phenomena.
Tabulated results for both nitrogen and air freesireams are given
with temperature, species, and radiation profiles for some air
conditions. Two body solution results are shown for 45 and 60
degree hyperboloid bodies at 12 kmlsec and 80 km altitude. The
presented results constitute an advancement in the engineering
modeling of radiating nonequilibrium reentry flows.

Nomenclature

Acp, Bpe, Bcp = continuum transition Einstein coefficients
Agps Bpq, Bgp = line transition Einstein coefficients
B, = black body function
E = electronic state energy level
T, = integro-exponential function of ordern
f. = electron energy distribution function
g = degeneracy
h = enthalpy per unit mass
I,, = radiative intensity
k = Bolizmann constant
K = absorption coefficient
m = particle mass
N =number density
g, = radiative heat flux
Q = partition function
r = wall reflectivity
S = source function
T = temperature
o = wall absorptivity
€ = wall emissivity
v = frequency
o = radiative Cross section
T = optical thickness
x = ionization potential
w = steradian

*  Asst. Lecturer Aerospace Engineering, Member AIAA
+*  Professor Aerospace Engineering, Associate Fellow AIAA

Copyright (©1992 by the American Institute of Aeronautics
and Astronautics, Inc. All rights reserved.

subscripts o
e = electron or electronic
g = ground state
tr = ranslational
v = vibrational
w = value at wall
v = frequency

Introduction

In past work!3, the authors have developed a radiatively
coupled viscous shock layer (VSL) flow solver. This program,
derived from the VSL3DNQ program from NASA Langley* and
the RADICAL radiation transport method of Nicholet36, cur-
rently includes viscous effects, diffusion, conduction, chemical
nonequilibrium, and thermal nonequilibrium. To account for lo--
cal thermodynamic nonequilibrium (LTNE) effects on radiation
emmission and absorption, a first order correction method was
includedin Ref. 2. More recently?, a second order LTNE method
was developed and used to calculate typical AOTV resulis for a
nitrogen freestream gas. In this paper, both the first and second
order LTNE correction methods have been extended to an air gas
mixture. Also, downstream flow profiles for 45 and 60 degree
hyperboloid bodies are presented.

Chemical Rate Model -

Two different sets of chemical reactions and rates have
been used for the calculations, depending upon whether the
gas is nitrogen or dir. For nitrogen only, the reaction set of
Table I is used. The source of these reactions are Dung and
Kang’ for all except the electron impact reactions (reactions 3
and 6) and the heavy particle ionization (reactions 7 and 8).
The electron impact ionization rate was deduced by Wilson®
for conditions of thermodynamic nonequilibrium. The electron
impact dissociation rate is mz;LOf Park®? while the heavy panicie
{onization rates were deduced by Carlson!®. The reactions
set used for air, shown in Table II, were obtained primary from

references by Park?11:12, except for the electron impact ionization

rates (reactions 7 and 8), which are new rates whose derivation is

discussed in a later section, and hézivy particle ionization (reaction

26) of N, where Carlson’srate isused.  __._
In the calculation of chemic

hemical rates in a multitemperature
environment, some modifications to the basic theory are needed
based upon both theory and qualitative observations. Consider
for example the heavy particle dissociation reaction for nitrogen

(reaction 1 and 2 in both Tables [ and IT). Most researchers!>!4
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Reaction A B £

1| No+N =N +N +N | 4.085x10%2% | -1.5 | 113100

i Na+N, =N +N +N5 | 470 %10'7 | -05 | 113100

3 Note™ =N+t +N+ti+e™ | 3.00x10%% § -1.6 | 113100

1 Na+NFt=N,t 4N 100102 } 05| 12200

5] NN =Njt4e 140 x10'3 | 00| 67800

6] Nae =Nt 4e= +¢~ | 4.16x10'3 | 0.5 | 120000

7] N+N =N +Nt4e— | 234 x10'1 | 0.5 | 120000

g| N +Nt=N+ +N+t4c™ | 2341011 | 0.5 ] 120000

Rates in the form kg = A TB exp(-E/T).
T = T, in clectron impact reactions.
Table I: Reaction System for Nitrogen
Reaction A B E

1| N;+M1=N +N +Mi1| 3.00x10%? | -1.6 | 113200
2| Np+M2=N +N +M2| 7.00 x10% -1.6 § 113200

3] 0,+M1=0 +O +M1{ 1.00x10?* | -15] 59500
4| 0,4M2=0 +0 +M2]| 2.00x10?* | -1.5 | 59500
5{NO+M3 =N +O +M3| 1.10 x107 0.0 ] 75500
6| NO+M4 =N +O +M4| 500 x10'% 00 ] 75500

7] O+e~ =0* +e~ +e~ | 635 x105 0.0 { 106200

8] Ni+e~ =Nt +e~ +e~ | 508 <1018 00 | 121000

9| NO+O =N +0, 8.40 x 1012 00| 19450
10| N,+0 =NO +N 640 <107 | -1.0] 38400
11 Na+e~ =N +N +e~ | 3.00x10%* | -1.6 | 113100
12] N+O =NOt+e- 5.30 x 1012 00 | 31500
13] N4+N =Nyt e~ 2.00 x 1013 00| 67500
14NOt+0 =Nt +0, 1.00 <1012 0.5 | 77200
15] N*4N,; =N+ +N 1.00 x 1042 05| 12200
16] Ot+NO=N*+ +0, 1.40 x10% 19| 26600
17INOt4N =0t 4N, 3.40 x10'3 | -1.08 | 12800
18] Ot+N, =Nyt +O 9.10 10! | 036 | 22800
1I9NOt+N =N+ +0 7.20 x 103 00 | 35500
20l O+0 =0,% +e~ 1.10 x 1013 00 | 80600
D1{0,T+N =Nt +0, 870 x10'3 | 0.14 | 28600
R210,t+Ny =N+ +0, 9.90 x 1012 0.0 | 40700
N310,t+0 =0t +0, 4.00 x10'2 | 009 | 18000
N4 INOH4+0, =0,1 +NO 230 103 | 041 | 32600
N5 INO++0 =051 +N 720 x10'2 | 029 | 48600
D61 N+M5 =N+ +e~ +M5| 2.34 x 101! 0.5 | 120000

Rates in the form kg = A TB exp(-E/T).

T =T, in electron impact reactions.

M1=NN+ 00+

M2= N2N7+,02.02+,N0.NO+

M3=N,N+ 0,0t NO

M4 =N; N;+,0,,0,% NO*

M5=NN+

Table II: Reaction System for Air

agree that the forward rate is a function of both the amount of
translational energy found in the colliding partner and in the
vibrational encrgy state of the N3 molecule. To account for
this difference, Treanor and Marrone!4!3, in developing the
CVDV model used in the vibrational energy equation, show that

a correction factor based upon both T and T, should be used
10 cormrect the forward rate based upon 7' alone.  Alicrnately,
Park!3 developed a theory which uses an average lemperature,
T, = T*T™~!, o calculate the forward ratc without any
corrective multiplier. Originally, the value of n was 0.5 although
later studies'®!7 suggest that values of n up 1o about 0.8 may
be appropriate. For this study, the corrections from the CVDV
theory were used for the dissociationreactions of N, O,, and NO
10 be consistent with the vibrational-translational exchange theory
and also to avoid the sclection and evaluation of an appropriate
value of n. Both theories agree that the reverse recombination
rate is a function of the translational energy alone.

The other set of reactions which must be modified for
thermal nonequilibrium are the electron impact reactions. These
reactions are predominantly functions of the energy available in
the translational energy of the free electrons which may be at a
significantly different temperature than the heavy particles. The
clectron temperature, T, is thus used in the calculation of these
forward rates. In the electron impact dissociation reaction it is
also argueably true that the vibrational energy state of the N
molecule is important in the final rate. In a two temperature
model where T, = T, this is already accounted for, while for
three temperatures Park®!! argues that electron energy alone is
important, although a later source indicates the use of an averaged
temperature!2. The ionization reactions (reaction 6 of Table I
and reactions 7 and 8 of Table II) may also be considered to
be a function of the electronic energy; but since it is already
assumed that free and bound electrons are in thermal equilbrium,
this does not affect the rate. The reverse deionizationrate is also
considered to be a function of the electron temperature.

Rather than specify both a forward and reverse reaction rate
for all chemical reactions, it is common practice to specify only
one and calculate the other using the equilibrium constant from the
relation k., = ky/k,. This method insures that at thermal and
chemical equilibrium the proper species concentrations will exist
as predicted from thermodynamic theory. Using this equilibrium
constant approach assumes that the above relation is valid under
nonequilibrium chemistry conditions (an assumption generally
accepted as valid or at least necessary) and that the equilibrium
constant can be suitably defined under conditions of thermal
nonequilibrium.

For the purposes of this paper, the following procedures
were used to calculate the forward and reverse rates under
thermodynamic nonequilibrium. The forward, endothermic rate
is calculated using the temperature of the energy mode associated
with providing the absorbed energy. The exception is the
dissociation reactions where only the heavy particle temperature
is used in calculating ky; this rate is later corrected for thermal

nonequilibriumusing a modified CVDV method? as noted above.
Multitemperature partitions functions for each species are then
used to calculate the equilibrium constant. In this calculation,
an exponential term representing the heat of reaction appears;
it is evaluated using the forward rate temperature since it is
usually the equivalent to the exponential term occuring in the
forward reaction rate. The reverse rate is then calculated from
ke (T, Ty, T.) = ky(Ty)/keg(T, To,T.). Since endothermic



reactions dominate in the thermal nonequilibrium region behind
the shock, this method gives the correct qualitative cffect in
this region. The exothermically dominated cool wall region, by
constrast, is largely near thermal cquilibrium.

An alternate approach for calculating non-thermal equilib-
rium reactionrates is suggestcd by Park (Ref. 12). Asanexample
of this method, suppose that for some reaction the forward rate is
determined by an averaged temperature, T, , while the reverse rate
is determined by the heavy particle temperature T (such as the
Park dissociation model). Under this method, if the the forward
rate is calculated as k¢ (T, ), the reverse rate would be calculated
by ko(T) = ks (T")/k.q(T). This method is particularly suited
for use with equilibrium constants which have been curve fit as
functions of a single temperature.

Radiation Theory

The radiation model used in this research effort is the
radiative transport portion of the cquilibrium shock layer analysis
program called RADICALSS, The radiation transport equation
used by RADICAL is one-dimensional, normal to the body, and
assumes that radiation transport tangent to the body has a net
zero change in flux in the tangent direction due 1o the relatively
smaller gradients in species concentrations and temperatures in
the tangent direction. This assumption is called the tangent slab
aproximation and can be ]usuﬁed by the fact that for the thin
“shock layers under consideration here, the ratio ‘of shock T Tayer
thickness to the surface radius of curvature is on the order of
0.05. RADICAL also allows radiative properties to be specified
at the wall to account for the frequency dependent reflectivity
and transmissivity of differing surface materials. Radiation
emitted into the freestream gas is assumed to be lost with no
radiative precursor effects calculaied. A recent study by Stanley
and Carlson!® shows that while precursor effects are not truely
negligible, they do not have a significanteffect on the shock layer
regions.

Included in lhc RADICAL model are the ‘phenomena of
atomic line, atomic continuum, molecular band, and free-free
Braumstruhlung radiation. The radiating species modeled include
all the important species of a nitrogen/oxygen mixture plus argon,
hydrogen, and a number of carbon compounds which may be
present due to an ablating surface. The method of solution used
by RADICAL consists of performing an initial sweep through the
radiation spectrum accounting for only the continuum modeled
processes. A second sweep is then made for only the frequency
widths of the line processes. Since the transport equation for
continuum and line radiation is not separable, an exact solution
procedure for the lines would include the calculation of the

__continuum absorptivity at each frequency point within the line
width. However, this process can easily double the time required
10 calculate each line contribution. To avoid this complication,
Nicolet includes an approximate method in his apatysis whereby
a number of lines may be conviently grouped together if they
are closely spaced or in a frequency range where the background
continuum absorplivity may be assumed to be a constant. A
single continuum absorptivity is then used in the calculation of
each line group, and the difference between the calculation of
this constant continuum alone and the line group calculation is

the net “contribution” to the total flux of the line group.

Equilibrium Radiation

In atomic continuum radiation there arc three contributions
10 the local change in radiative intensity at any frequency, v
emission, absorption, and induccd emission. These processes
can be mathematically expressed by the following!®

emission: hvA N N; f.(hv — x, )hdvdw
absorption: hvB, I, Npydvdw
induced emission:  hv B, I, N N f. (hv — xp)hdvdw

where N,, N; and N; are the number density populations of
the free electrons, ions and state p of the species involved in the

‘process; and Ap, By and B,, are the Einstein coefficients for

the wransition. The term f, (kv — x;) is the energy distribution
function of the free electrons having energy hv — x,, above the
ionization potential of state p. The spatial rate of change of
intensity per unit angle and frequency at any point is the sum of
the emission and induced emission minus the absorption at that

point.

al,

o —(N.Nehf.(hw ~ Xp) By

— N,B,.)hvI,

+ huN Nihf.(hv — xp)Acp
~ Through detailed balancing at local thermodynamic equi-
librium (LTE) conditions, the Einstein coefficients can be shown
10 be related by the formulas given below, which are assumed to
be valid for both equilibrium and non-equilibrium conditions.

ch = (NeN|> hfe(hu_xy)ehvlk'rg
BCP b4 LTE

Ap _ 207 -

B, T

Applying these relations and simplifying yields

al,
T = Kol +5)
where K, , and S, are the absorption coefficient and source

function defined by:

K.,  =hvN,B,, (1 _N.N; (_NL) e—hu/kT,)
Ny NN:/ pre .

N.N; { 2hu3
S =
vre N, (NN)LTE c? (1)
-1
[e;w/m _N.N; ( Ny ) ]
NP N N LTE
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Under cquilibrium conditions these relations reduce to:

L 4

2h13/c?
S"yc = th/kTe —1 = (2)

K, .= hu(N,)TE Bpe (1 - e—'wlm)

In addition, since the excited state population (N, ) rg is
not given explicitly as pan of the flowfield solution, it must be
calculated from the total population of the particles, NV, assuming
an equilibrium Boltzmann excitation profile. This relation is:

(Ny)LTE _ gpe_E’/kT‘ (3)
N T, g 5T

The need for the exciled state population is often avoided
altogether by redefining the absorption coefficient in terms of
the total number density of the species and a radiative Ccross
section using the following:

K

Vpe — Noy,,

where

gpe—Br/*T

_ —hv/kT,)

oy, = hvB,.

For line radiation where N is the population of the bound
emitting state, the important processes are

emission: h?vAg, N dvdw
absorption: hvB, I, Npdvdw
induced emission:  h?vBg,I, Nydvdw

The radiative transport equation is the same as that for continuum
process but with the absorption coefficient and source function
givenby:

K,,, = huN, By, (1 - (ﬂ) &e_""/”“)
re Nq

re Mo
s = N, (N,) 2hi3
e Ny \Ng/prg ¢

-1
3 2.,
NP Nq LTE

Also as before, under thermodynamic equilibrium, the above
expression can be reduced. The result is exactly the same as for
continuum processes. '

K

Ve

= hV(Np)LTEqu (l — e-hv/kT‘)

5. = 2h13fc?

Vg ehu/kT. -1 = B.,

gpe—Er/kTe

oy = huB, % " " (1 —_ e-""/“Te)
Vpg P9 -
, Zp gpe-Brl*Te

At any given frequency, a number of processcs arc likely 1o
be contributing to the local absorption and emission of radiation.
Because radiation emitted by one process may be subsequently
absorbed by another, all radiative processes al a particular
frequency are coupled. To solve the transport equations, the
total absorption coefficient and source function, K, and Sy, are
used, which are simply the sum of all the process specific values.
With these definitions, the radiative transport equations may be
integrated spatially between the shock front and the wall surface
to obtain the radiative heat flux, ¢,, at any point. Under the
1angent slab assumption this flux equation is:

~g(2) = 27 / " sgnlty — 1)S, Ea(lty — T |)dt
[+

Tv,ah

- 2E(n)x (e,,, By w — 21y ‘E(t,,)S,,dt,)

0

where 7, is the optical thickness determined by

‘r,,:/ K, dy.
)

A subsequent integration over the entire frequency range yields
the total heat flux which is used in the radiative loss term in the
global energy equation.

First Order Atomic LTNE Model

A first order LTNE model developed by Carlson et al.20
assumes that the excited states of nitrogen and oxygen are in
local thermodynamic and chemical equilibrium with the free
electrons and ions of each species. This assumption follows
from that used by Petscheck and Byron?! for argon and Wilson®
for nitrogen which is that the excitation from ground to excited
state proceeds much slower than the subsequent ionization of the
excited state. Carlson’s assumption goes further, however, by
assuming that the excited to continuum rate is fast enough that
the excited species involved may be considered in local chemical
equilibrium throughout the flowfield.

Before this assumption can be applied to the radiative
transport equations, a relationship between the number density
populations of each involved excited state must be defined.
Nitrogen will be specifically discussed below but all the eqitations
and concepts apply equally well to oxygen with the appropriate
substitutions. From equilibrium chemical kinetics, the total
number density of neutral particles, ions, and electrons are
related by:

(Nn+Ne) - QN+Q¢ e_leo,ooo/kT,
Ny LTE O~



where 169,000°K is the ionization potential of ground state
nitrogen (158,900°K for oxygen). Using Eq. 3, any excited state
population, N, may then also be related 1o that of the ions and
clectrons by:

(NN+ Ne) _ Qn+Qe (160,000 E,)/T. (4)
N, LTE 9r

— Qn+Q. e Xr/*T.
9p

Under the above LTNE assumptions, the number density of the
excited states can still be calculated from the above relation.
However, rather than being in LTE, the excited state is in
equilibrium with the {ree electrons and ions alone, which is
indicated by the subscript E:

g N+ N,
(Np)e = ’EQTTQ——e"""T‘- (5)

To determine how 10 adapt RADICAL to use the newly

defined state populations, consider the relation between the ab-

sorption  coefficient and source function for continuum radiation
given by Eq. 1 for any condition and Eq. 2 for equilibrium:

P
L = __111 (K, 6
= N )ors " (Kv,.)LTE (6)

s _NN+N,< Ny > 1
“re Nr Ny+ N, LTE Hpc

K

(Sv,.)LTE
where to simplify the expression, I, has been defined by:

-1

I, = (e;.u/kn _ 1)

[ehu/k’l', _

5 () )
Ny Ny+Ne/prp
If the state bcmg considered is an excited state khe ratio of
equilibrium to nonequilibrfium populations used in evaluating
I, and in the source function reduce 10 unity by the LTNE
assumption, giving I, = 1; and the excited state source function
is the same as for LTE. The excited state absorption coefficient,
- however, must still be comrected by the ratio Ny /(Np)LTE.
which can be evaluated from known species populauons by using
Egs. 3 and 5 to be:

NP - (NP)E
(Np)ete

_ Ny+N. Qn
NN Qn+Q.

169 ,000/T, _

(Np)Lre
: o m
Altcmalcly. if the state, p, is a ground state, then
the exponential term for most temperatures is much larger
(ezp(hv/kT.) ~ 107 for T, = 10,000°) than the ratio of
expected nonequilibrium to equilibrium populations and again
M, = 1. Also, since the ground states are in LTE with the

total state population, the ratio N, /(N,)pr g is unity and the
ground statc absorption cocfficient is unmodified. The ground
state sourcc function, however, must be corrected by the ratio

Ml (Ko ) (s (s
N, Ny+Ne ) pop Ny (Np)TE

where Egs. 4 and 5 have been uscd in the reduction, This ratio is
the same givenin Eq. 7.

For line processes, the relation between equilibrium and
non-equilibrium absorption coefficients and source functions are:

N
Koo = (N )ZTE pq(Ky, )rTe (9)
P

N, (N, 1
Sv,, = (—1) —(S., . )tTE
N \Ng S g g 7"

where

I, = (ehu/m', _ 1)-1 [ehylkTg _N (&) ]
No \Ng/rE

P

Using an argument parallel to that used for continuum processes,
it can be shown that II,; ~ 1 under most conditions. The
absorption coefficient is then exactly the same as for the
continuum processes, depcndmg only upon the population of

the absorbing state. LTNE corrections for line radiation are then
the same as those described above for continuum radiation.

To determine how to correctly ‘evaluate the line source
function, two possibilities must be ‘considered. The first is
that both states are excited states, and the second is that one
is excited and the other is in one of the lowest three “ground”
states. The case of radiative transition between two ground states
is forbidden by the radiative selection rules and has not been
observed to occur. If both are excited states, then each number
density can be calculated from Eq. 5 and the ratio of the two is:

Ny _ (i"i) = 99 (E,~E,)/T.
Ny No/g 9

while the number densities at LTE can be calculated from Eq. 3
to get the ratio:

; (i"z) — 92 o(B,-B,)/T.
No/rre ~ 9

Since the raos in Eqs. 10 and 11 are inverses of each
other, the net correction to be applied to the excited to excited
line source function is one.

If the lower state, p, is a ground state then the actual number
density N is the same as that calculated at LTE. The remaining
ratio of Lhe actual number density of state p to that which it would
be at LTE is the same ratio shown in Eq. 8. Thus, the correction
10 the excited 1o ground line source function is the same as that
givenin Eq. 7.

(10)

(11)

Wi W i W
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Sccond Order Atomic LTNE Modcl

After extensively reviewing the work on argon of Foley and
Clarke?? and Nelson®? and the air and nitrogen work of Park?*,

Kunc and Soon?32¢, and others, it was decided to develop a
sccond order LTNE model for high temperature nitrogen and
oxygen by subdividing each atomic species into two separate
species.  Since the formulation for both nitrogen and oxygen
arc the same except for the actual excitation encrgies used and
the final rate coefficients, most of the follow discussion will
concentrate on nitrogen but is directly applicable to oxygen.

The first nitrogen subspecies, termed Ng, for N ground,
representsthe nitrogen atoms in the first three low lying electronic
states of nitrogen. The sccond, termed N* or N excited, represents
those nitrogen atoms populating the remaining upper electronic
states. The relative densities of these subspecies will then be
determined by appropriate reaction rates between themselves,
N*, e, etc.; and the electronic states of each are assumed to
be in local thermodynamic equilibrium with themselves. This
approach has the potential 1o be a significant improvement over
the first order model in that it allows a finite rate of ionization from
excited states while retaining the fundamental two step ionization
process. In addition, by determining the excited state number
densities directly from the flowfield computation, the appropriate
atomic LTNE factors are directly obtainable and should be more
accurate.

The thermodynamic state of the two species, Ng and N*, are

determined by the standard methods used for monoatomic gases: _

3
Qu, = nge—z,/tm

p=1

mazx

QN‘ = Z gpe_(Er"Ed)/ch
=4

Qn = Qn, + Qn-e~ B/ e

3
5 kT 1
hy, = == _ E, e Brl*Te 4 p3
Ny = 2 mNQN,Pz::lgP ’ N
5 kT
Rpre = o= o
N 2mpy
1 mazr
—_— g E. — E e—-(E,—E.)/kT, +ho .
myQn- ; r( P “l) N

where the zero point energies are, kY, = hy = 3.36 x 101!
ergs/gmand hy,. = hy, +E4/my = 1.05x% 102 ergs/gm. For
oxygen the zero point energies are, hy, = hp = 1.56 x 101t
ergs/gmand hy. = kg + E4fmo = T.07 x 101 ergs/gm.
The collision cross sections for both lower level and upper level

subspecies are needed to calculate viscous transport properties
and arc assumed to be the same as for the original species, N or
0.

The methods presented by Kunc and Soon in Refs. 25 and
26 have been used to calculate the electron impact excitation and
jonization ralcs involving these new species. For the excitation
of nitrogen from a ground states, i, 1o an excited states, j, the
cxcitationrate is given by:

3/3
Cpq = 1078 (__RX"___)
k(Eq — Ep)xp

Qx (Ep - Eq)
G
o, +1°F ( T. *

where the units on Cpq are cm®fsec, R is the Rydberg constant,
Qy is an angular factor for the transition and G is arate function
determined by the electron temperature and two transition specific
constants tabulated in Ref. 25. The excitation rate for one of
the ground states at any given temperature can be calculated by
summing the above rates over all the excitation states, q. The
combined rate for all three ground states is found by multiplying
each individual rate by the LTE number density ratio given below
and summing.

_N_p — gpe -E'/T‘ (12)
NH QN I
The rate of ionization from each ground state is similar to
that for the excitation process and is given by:

R 3/2 Qk —-X
C,. =108 = .2 2 e
? (xp) a,+1 P\T, )t

The Q; factors for the three transitions ground states p=1,2 and
3 are 4/3, 3 and 4, respectively. The G; factors are again
determined by other parameters given in Ref. 25. The individual
gound state ionization rates are combined into a single rate in the
same manner described for the excitation rate.

The method for obtaining the ionization rates are originally
from the work of Gryzinski and Kunc?’, which calculates an
analytic collision cross section from the expresion:

xet m

Opc = ?:'[(Az + kg)l/z + 1]2

[+ (o) (%)

where A? is the ratio of energy of the colliding particle to the
ionization potential and k, is the ratio of the average binding
energy of the electrons to the first ionization potential of the outer
shell. This collision cross section must be integrated over the all
possible colliding energies greater that the ionization potential to
get the actual ionization rate.




) Reaction A B E
1| Ng+e™=N*+¢~ 5.08 x10'® | 0.0 { 121000
D] Ng+e~=Nt4c™+e™ | 296 x 1018 | 0.0 | 165000
3| N*+e—=Ntiec—+c™ | 895 %107 | 0.0 | 48900
| Og+e™=0" +&~ 6.35x10'% | 0.0 | 106200
5| O+~ =Ot+e=+c~ | 2.67x10'® | 0.0 | 158900
5] O"+e~=0t4e4+e~ | 949 %1017 | 0.0 52700

Ratesinthe formkg= A T.B exp(-E/Tc).

Table III: Added Reactions for Second Order LTNE

8x [
CP‘—' = 2 /
'l‘]’l,c x

4

efc(e)op.de

The combined excitation rate from all excited states is
calculated by multiplying each mdmdual rate by lhe rauo of its

adding.

-E, /T,

N, _ gpe
= (13)

Qn-

The above procedures give the electron impactrates for only
a single temperature. The final calculated rates given in Table
IIT were determined by using these procedures for the range of
electron temperatures between 4000°and 20,000°K and using a
least squares curve fit of these discrete values.

Very similar procedures have been used for the electron
impact rates of oxygen using the tabulated parameters in Ref.
26. As suggested by Kunc and Soon, however, the particular
excitation rates of 14, 1-5, 1-6 and 1-7 were calculated using
experimental results of the suggested authors. For each transition,
the slope of the cross section at the excitation enegy cutoff, o} .

was used with the excitation theory of Zeldovich and Raizer?® to
calculate the particular excitation rates.

8kT.\'/? -
Clq = kT¢a';p (F) (kxqt + 2) e ‘x’;;

The derivation of LTNE correction factors for equilbrium
absorption and source functions is similar 1o that of the first
order LTNE mode. Thus, the starting poing is Egs. 6 for
continuum processes and Egs. 9 for line processes. Using the
same arguments as for the first order model, it can be shown that
the two factors II,. and II,, will be approximately equal to one.
Thus for continuum processes, the LTNE absorption function can
be calculated by:

K N,

Vee — Thr v KV <
g (Np)LTE( reJirs

where

Np Np . QN

(NP)LTE = _ﬁ gpe_Er/"T'

Since the actual number density of state p in not part of
the gasdynamic solution, it is desired to recast this expression in
terms of the parent state, Ny or N*. If p is a ground state, Eq. 12

can be used to obtain:
NP _ NN, QN _ NN,
(Np)ere  Nn @Qn, (Nwn,)LTE

Similarly, if p is one of the excited states, use of Eq. 13 yields

NP — NN‘ QN
(Np)LTE Ny QN.e—EdkT,

N
(NN<)LTE

The absorption coefficient for atomic line radiation is similar
in form to that for the continuum process, but uses a radiative
cross section which is a function of both the absorbing, p, and the
emilting state, . However, since the number density dependence
is only with the absorbing state, the LTNE corrections described
above for continuum radiation also apply to the line radiation.

The previously obtained form for the continuum source
function in LTNE is:

S = (NP)E

A (Sy,.)LTE

As before, the LTNE correction can be written in terms of the
known number densities so that if p is one of the ground states,

(Np)e _ Nw+N. Qn,e’/*- _ (Nn,)s
NP NN. QN+Q¢ NN,
while if p is an excited state,
(Ny)e _ Ny+N. Qn-eI-EBJ/ e (Ny.)g
Ny - Ny- QN+Q¢ Ny-

The source function for the radiative transition from state q
to state p under LTNE conditions is:

5 = N (Np)etE
Vpy = ( N )LT

If the transition is belween two excued states then just as
for the first order LTNE model, the above number density ratios
cancel and the LTE and LTNE source functions are seen to be
equal. If the lower state is a ground state, Eq 12 and Eq. 13
yield the result:

( vrq) LTE

— Ny- (NN,)LTE'

Vg = Sy, JLTE
e NN_, (NN’)LTE( ")L_;

Molecular NLTE

' For the most part, radiation from molecules is in the form of
line emision and absoption associated with transitions between
electronic states. Unlike the simple line structure of atoms,
however, molecular radiation appears in bands of lines due to
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the added probability of changes in vibrational or rotationat
cnergy during transition. Performing detailed analysis for each
individual linc in the bands is an cnormous lask requiring
dctailed knowledge of the population density of each molecular,
vibrational, and rotational state; the transilion probabilities for
cach individual line; and the difusiveness of each line due to
quantum mecchanical interference cffects. In addition, each
transtion band may end in a continuum structure associated with
the possible photo-dissociation of the molecule during transition.
As a result, it is common practice to model molecular bands
as having only a continuum structure with a total continuum
contribution equal to the sum of the individual lines.

The radiating molecular species included by Nicolet
in the RADICAL package include the contributions from
N2,02,NO, and Na*, with the later two species being the largest
radiators. While this research has mainly concentrated upon
the development of methods for atomic LTNE, it was desired to
have some reasonable means for also estimating the molecular

"LTNE effects for the above species. A simple model had been

developed by Carlson et al.2% using arguments similar to the first
order atomic LTNE model. However, due to the more complex
methods of vibrational and electronic excitation in molecules and
since most molecules do not show a decisive split in the energy
states of ground and excited states this method was subsequently
considered to be too approximate. Instead, the quasi-steady

state method (QSSM) of Park?® has been used. The basic
assumption of this method is that given the total species number
densities of atoms and molecules from a gasdynamic solution,
the excited state populations of the molecules can be calculated
by balancing the rates of excitation and de-excitation through
electron collisions, heavy particle collisions, and spontaneous
radiative emisions (radiative absorption is not included). A
similar method for atomic excitation was discussed earlier but
not used due to the importance of atomic absorption and coupling
between radiation and chemistry. However, the lack of any
other theory for molecular excitation made the QSSM method a
reasonable approach to include molecular LTNE effects.

One result of the QSSM method is the output of ratios of

- ‘excited state populations to the populations calculated assuming

LTE. Since RADICAL includes only molecular lines, although
modeled as continuum, these population ratios can, based upon
the lengthy discussion of atomic LTNE corrections, be directly
applied to the LTE calculated absorption coefficient and source
function using:

N, '
K, =P K,
re (Np)LTE( 7 n)LTE
N, (N)ire
Vyy — S,
w T Wurs N, (owdire

where p is the absorbing state (lower) and q the emiting state.
For N, the excited states calculated are the X, A, B, a, and C
states. The N radiation bands included in RADICAL and the
corresponding upper and lower states are: st Positive between
B-A, 2nd Positive between C-B and the Birge-Hopfield band

" between c-X. The upper state of the Birge-Hopfield band, c,

is not specifically calculated but shares the same excitauon
behavior as state C in that it is a predissociated state. As such,
the nonequilibrium population ratios of state C were used in
calculating the LTNE faciors for this band.

The bands of NO which RADICAL models are the v (A-X),
B (B-X), é§ (C-X) and ¢ (?-X); it 1s not clear from references
what precisely is the upper state of the € band, but Herzberg??
argues that this band is really just an extension of the 4 band
with slight frequency shifting caused by interference with other
bands. The states calcuated in the QSSM method are the A, B,
and C states. Thus, all of the above processes could be properly
adjusted for LTNE. However, an additional complication exist in
RADICAL due the modeling of both the ¢ and é bands with a
single term. Since it could not be determined how to split this
term into the two components, it was decided to correct the entire
term as though it were the € band alone, on the assumption that
this radiation dominates the § radiation.

The calculation of N;* was more straight forward since
RADICAL only includes the 1st negative band, and both the
upper and lower state of this band are explicitly calculated in the
QSSM method. Similarly, O; radiation is modeled with only the
Schumann-Rungeband; but only the upper state of this transition
is calculated and not the lower state, which is the ground state
of O,. However, results with all the other species show that
the ground state of each is rarely out of LTE; so the lower state
correction for Op was set 1o unity.

Radiation-Gasdynamic Coupling

To account for the loss or gain of energy from the flowfield
due to radiative effects, additional terms must be added to the
govemning energy equations. For the global energy equation, this
process is straight forward since it is obvious that any change
in the local radiative energy flux must come from some form of
gasdynamic energy. The total flux quantity, Vg,, is thus added
as a scalar property into the global energy equation.

If all the processes of radiative emission and absorption are
considered, it is seen that portions of the total flux are being
absorbed or emitted as: chemical energy in the breaking of bonds
(photo-ionizationand photo-dissociation), electronic energy state
transitions, excess ionization energy imparted to freed electrons,
free-free electron energy, changes in vibrational energy states,
and changes in rotational energy states. These effects are listed in
order of magnitude for radiation associated with very high speed
reentry such as lunar or martian return where atomic radiation
dominates and radiative-gasdynamic coupling is very important.
At lower velocities such as those for the AFE, molecularradiation
dominates and the first source (chemical bonding energy) may be
much less than the other sources. The magnitude of radiative-
gasdynamic coupling is also much less important at the lower
velocities. The last two sources potentially effect the vibrational
and rotational energy although they are generally not included by
investigators.

The fraction of the total energy flux not expended in
breaking chemical bonds should be accounted for as a loss
or gain of electron-electronic energy. To do this, however,
requires a detailed accounting in the radiation transport model



of cach coniributing process and the associated radiative energy
flux. Such an effort was made by Stanley and Carlson'® in
their consideration of hypersonic precursor cffects. A review
of their work shows the great difficulty envolved in extracting
photo-ionization rates out of the radiation calculation even when
only considering a simplified radiative model. The extensive
numerical considerations which would have to be made in order
10 include photo-ionizaton processes and to properly model the
gain or loss of electron-electronic energy are beyond the scope of
this work. Futher, the total effects of including these phenomena
is not considered important at the conditions to be considered
but may have some applicability to higher altitude, lower density
flows.

Discussion of Results

A total of seven different flight conditions have been used
1o obtain stagnation point solutions (see Table IV). The first
three match conditions from the flight results of the Fire 230
test for which total heat transfer and selective bands of radiative
heat transfer were measured. The flight times of 1634, 1636,
and 1637.5 seconds include conditions ranging from significant
chemical non-equilbrium to equilibrium. The next case is the
maximum dynamic pressure point for a proposed AFE flight
profile and has been labeled as CFD solution point 4 as part of
the CFD development-verification portion of that test program.
This case may be typical of conditions for inter-orbit aeroassisted
vehicles and is a Jow speed, large nose radius condition dominated
by vibrational rate processes and molecular radiation. The last
three conditions are at 80 km altitude and 12, 14, and 16 kam/set
velocity, respectively. These conditions might be considered
representative of inter-planetary aerocapture conditions with the
low speed for lunar returns and the higher speeds for possible
Mars return earth entries. Two additional cases were considered
at 12 km/sec and 80 km for the downstream solutions of 60°and
45°hyperboloid body shapes with a 100 cm nose radius. These
shapes were chosen to be close approximationsto the nose region
of a 60°sphere cone configuration without having the curvature
discontinuity problems related to that geometric configuration.

For the Fire 2 cases, the freestream conditions and wall
temperature are those measured during the flight test at the
indicated times. The heat shield of the test vehicle was made of
beryllium, which is considered to be fully catalytic to molecular
recombinations; and the numerical results to be shown were made
using a fully catalytic surface boundary condition. The spectral
reflectivity properties of the radiative measuring device are also
reported in Ref. 30 and have been used in determining the total
radiative heat transfer to the surface.

For all the other cases, the wall temperature has been
assumed to be at 1650°K. This value reflects the expected
maximum temperature a non-ablating heat shield may withstand,
although it is recognized that the cummulative heat loading

expected for acrocapture at the higher velocity conditions will

probably be much higher than that allowed for current non-
ablating materials. The surface for these cases is also assumed to
be catalytic to ionic recombinations but non-catalytic to atomic
recombinations and to be radiatively black. This behavior is
consistent with the properties of shuttle type reaction cured glass

Case Altitude Speed Rpose Notes
km km/sec cm
1634 76.42 11.36 747 | Fire2, 1634 sec
1636 71.04 11.31 747 | Fire2, 1636 sec
1637.5 67.05 11.25 747 | Fire2, 1637.5 sec
AFE4 752 9.326 230 AFE CFD Point 4
12 80 120 230 Lunar AOTV
14 80 14.0 230 Martian AOTV
16 80 16.0 230 Martian AOTV
60 80 12.0 100 | 60°Hyperboloid
45 80 12.0 100 | 45°Hyperboloid
Table I'V: Solution Cases and Conditions
heat shield tiles.

A 99 point grid between the shock front and the vehicle
surface has been used which resolves both the regions of non-
equilibrium at the shock front and the cool wall. Shock slip
conditions were used on all cases to properly conserve the
species and enérgy flux in the shock jump relations. The
three temperature thermal model and multicomponent diffusional
model has also be used. While being a more complete description
of the diffusive properties of the gas mixture, the results obtained
with this diffusive method are very similar to results which may
be obtained with a constant Lewis number approach (with Le =
1.4)3 31 .

First Order Atormc LTNE Model

Resulis were obtained using the ﬁrst order LTNE model
for all the above cases and three different species/reaction sets:
nitrogen gas with Wilson derived electron impact excitation rate,
nitrogen gas with the newly derived electron impact excitation
rate (reaction 1, Table III), and air with the rates from Table
11. The first set of results are summarized in Table V and are
comparable to results shown in Ref. 2. The first tabulated value
is the calculated stand off distances between shock and body, A.
The next is the total convective heat transfer which is the the
sum of the contributions from condiction and catalyticity. The
total radiative heat transfer absorbed by the wall is also shown
both before and after radiative cooling has been coupled with
the gasdynamic solution. A breakdown of the coupled radiative
heat transfer 1o the wall into line and continuum contributions is
also given for the incident wall radiation. Since for the Fire 2
conditions the wall was not a black body, the absorbed amount
is not the total of the two incident values. Also, since the
mechanisms of continuum and lines are not scparable, the line
value is really the conmbuuon of the lines above the background
continuum value. © * 7

The ground to excited excitation rate shown in Table III
should be analogous 1o the electron impact ionizaton rate of

" Wilson’ shown in Table I, since ‘Wilson dcduced ‘his rate based

upon the assumption that the excitation process was a limiting
step in the ionization of atoms. As such, a new set of resulls
for nitrogen have been generated using this rate in place of
Wilson’s rate. A summary of these results is given in Table VI
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Coupled Q, Uncoupled Qr Coupled Q; Uncoupled Q,
Case | A | Q¢ [Cont.|Lincs{ Absorbed| Absorbed Case A 1 Q¢ [Cont|Lines|Absorbed] Absorbed
1634 {467 1196. [4.92 | 1.12 394 4.07 1634 {532 1193. |1151]7.16 13.6 14.6
1636 |4.35 1285 {157 ] 14.1 22.5 238 1636 {4.69 |281. 1296|314 46.9 544
1637.5 [4.23 }361. {32.0 1393 54.5 59.3 1637.5 14.52 |362. [ 52.6 | 70.1 93.0 115.
AFE4 1321172 |1.87 |0.03 1.90 1.93 AFE4 1148 1149 13.78 | 0.10 3.88 3.99
12 13.6 |[24.6 | 15.7 | 10.8 26.5 28.2 12 14512851219 (140 359 426
14 12.0 |41.0 [ 56.6 {43.1 99.6 119. 14 12.8 1479 | 61.6 {45.6 107. - 142,
16 11.0 |64.7 {127. | 101. 228. 301. 16 11.6 | 71.0 | 125. | 96.2 221. 327.
A is shock standoff distance in cm. A is shock standoff distance in cm. -
Q. is convective heat transfer to wall in watts/sq cm. Qc is convective heat transfer to wall in watts/sq cm.
Qq is radiative heat flux to wall in watts/sq cm. Qq is radiative heat flux to wall in watts/sq cm.
Lines and Continuum values are incident upon wall. Lines and Continuum values are incident upon wall.

Table V: Summary of Results for Nitrogen and Wilson Ratcs

Coupled Q, Uncoupled Q,
Lines| Absorbed| Absorbed

336 | 592 -
1821 263 -
425 56.5 -
0.03 1.90 -
992 24.1 -
14 11.6(444 14991372 | 870 -
16 |10.6 {66.7 {110. [85.0 | 195. -

A is shock standoff distance in cm.
Q. is convective heat transfer to wall in waltts/sq cm.

Q, is radiative heat flux 1o wall in watts/sq cm.
Lines and Continuum values are incident upon wall.

Case | A | Qc

1634 |4.47 |195.
1636 |4.17 1284,
1637.5 {4.13 {361.
AFE4 (13.2117.2
12 |13.1 1268

Cont.

4.80
16.0
313
1.87
14.2

Table VI: Summary of Results for Nitrogen with New Rates

for the radiatively coupled solutions; uncoupled solutions were
not generated.

The AFEA4 results with the new rate are seen to be identical
1o those with the Wilson rate as might have been expected
since atomic electron impact processes are not important at this
condition. All the other results show a marked difference from
those calculated using the Wilson rate. With the new, faster
rate, the electron temperature peaks lower and equilibrium occurs
sooner which in um causes a shorter stand off distance. This
combination of effects results in a lower radiative flux to the
wall for the 80 km altitude cases than seen previously. The
Fire 2 cases, however, have the same changes in profiles and
stand off distances yet higher radiative heat transfers. For these

* cases with the smaller radius nose, the percentage of the total

region in thermodynamic non-equilibrium behind the shock layer
is greater than the 80 km cases, particularly for the 1634 second
condition. The increased level of therrnodynamic equilibriumand
an associated higher radiative emission with the new electronic
impact ionizaton rate results in greater atomic line radiation and
an increased total flux.

Results using air as the freestream gas and the chemical
reaction set of Table IT are summarized in Table VII. A comparison
of the tabulated radiative fluxes shows that the amount of radiation
in air is greater than that for nitrogen alone. One reason for
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Table VII: Summary of Results for Air, 1st Order LTNE

this difference is that the air results have a higher equilibrium
temperature than the corresponding nitrogen results. For the
1634 second case the difference is almost 400°K at 30% of the
shock layer away from the wall. Since the ionization potential of
oxygen is lower than that of nitrogen, less heavy particle energy
is expended in ionizing the air mixture than nitrogen alone.
The equilibrium temperature is thus higher and the radiation
correspondingly greater. ' The above argument does not apply
for the AFEA4 case which has no significant ionization. It is
believed for this case the increase in radiation with air is due
10 the inclusion of NO which is a strong radiator even in small
quantities. An additional factor causing the higher radiative
fluxes is the larger stand off distances associated with air in all of
the cases. This increase is attributed io a slower rate of thermal
and chemical equilibrations due to a change in the dissociation
rates between Table I and Table II.

The calculated heat transfer results in air and the flight data
of the Fire 2 test are compared graphically in Fig. 1. A similar
comparison for nitrogen using the first order LTNE model and the
Wilson electron impact rate has been given in Ref. 1. The Fire
2 vehicle included three different heat transfer gauges. The first
was a total calorimeter which measured the sum of the convective
and absorbed radiative flux. The flight data and the numerical
comparisons are indicated by the label “QC + ALPHA*QR™ and
the square symbols, respectively. The numerical results compare
favorably, but are slightly higher, with the flight data at all three
times. Since the bulk of this heat transfer is due to catalycity,
the differences may be due to the modeling of the suface as fully
catalytic as opposed to having a high but finite catalycity. This
possibility may be supported by the results of Ref. 32, which
obtained good correlation with Fire 2 data by not assuming fully
catalytic walls, ]

Two other gauges measured the radiative heat transfer over
the frequencyranges of 0.0210 6.2¢V and 2 to 4 eV, respectively.
The first range covers most the spectrum from the low infrared
through the visible ranges and includes the radiative phenomena
associated with the high line transitions and most of the molecular
band radiation. The flight data from this gauge is shown as the
dashed line on the figure. The second range is over a region
of mostly molecular band radiation and in particular that of N,*



and NO. The flight data from this gauge showed a large amount
of scatter®, particularly in the carly trajectory times, and is
indicated on the figure by the region bounded by the limits of the
scatter. The numecrical solutions for this case arc shown as the
diamond and circular data points for the 0.02 10 6.2 ¢V and 2 to
4 ¢V ranges, respectively. The 0.02 1o 6.2 ¢V numerical results
are rcasonably close to that of the flight data at all conditions,
but do not appear 10 follow the trend of the flight data. The 210
4 ¢V numerical results on the other hand are consistently higher
than the flight data, although they follow the trend of the upper
boundary of scatter.

The 2104 eV comparisons, which are primarily comparisons
of molecular radiation, indicate that there may be a nced o
reevaluate the use of the quasi-sieady state model in calculating
molecular LTNE. If more LTNE was predicted theoretically, the
numerical molecular radiation would be reduced; and in particular
the amount of reduction would be greater. This effect would
reduce the 2 to 4 eV radiation in the correct manner {0 move the
numerical results into the measured flight data. In addition, if it
is accepted that the molecular contributions are high and realize
that the difference between the 0.0210 6.2 eV and the 2 10 4 eV
data is primarily due to atomic line processes, it can be deduced
that the atomic line predictions for the Fire 2 resulis follow the
correct trend but may be consistently low.

Second Order Atomic LTNE Model

All of the results shown for air in the previous section using
the first order atomic LTNE model have been also computed
using the sccond order model. The chemical reactions set of
Table IT with the electron impact reactions replaced by the two
step processes given in Table III has been used in calculating the
gasdynamic flowfield solution. The high rate of ionization from
excited oxygen and nitrogen caused some stability problems in
situations where there was a large amount of thermal equilibrium.
To avoid this problem and obtain converged solutions, this rate
needed to be reduced by one third for the 1636, 1637.5, 14 and
16 cases. A summary of all the results is given in Table VIII with
the radiative coupled solution profiles given in Figs.2 through
15. In addition to the gasdynamic profiles of temperature and
species concentration, iwo plots showing the spectral content of
the wall radiation are given. In the lower presentation, a detailed
representation of the spectral radiative content is given showing
casily the location and form of the sharp line radiation against
the smooth continuum background. Each line, while appearing
t0 be nearly discontinuous, has actually been subdivided into 15
discrete points to give detail to the line center and the wings.
Because of the logrithmic axis needed to present this data, it
is very difficult to deduce anything but qualitative observations
from this presentation format. On the other hand, the upper
presentation uses convenient ling groupings over widths of the
spectrum to show the summed contributions. In this form, the
total area under the curve represents the total radiative flux to
the wall; and the individual contributions made due to specific
processes and spectral regions are easily observed.

The following observations can be made for the second
order LTNE results which apply to all cases. The gasdynamic

Coupled Q, Uncoupled Q,
Case | A | Q. |Cont.|Lincs| Absorbed| Absorbed
1634 |5.331193. 115 | 117 159 17.6
1636 [4.75 {282. [31.5 1424 | 544 604
1637.5 14.55 {361. | 53.1 | 776 | 975 119.
AFE4 [148 (1501391 1060 | 4.5] 47
12 |145129.1 222|174} 396 473
14 |1261469 |60.1 {538 114. - 159.
16 |11.4 (702 1122 1105. | 227. 344.
A is shock standoff distance in cm.
Q. is convective heat transfer to wall in watts/sq cm.
Q is radiative heat flux to wall in watts/sq cm.
Lines and Continuum values are incident upon wall.

Table VIII: Summary of Results for Air, 2nd Order LTNE

solutions are very similar to those calculated for the first order
LTNE results. In both models the LTNE population correction
factors are small in the thermal nonequilibrium region behind
the shock front indicating a depopulation of the excited states by
chemical reactions, and both show a region of over population

of the atomic electronic states in the wall thermal layer where -

the reverse ijonization reactions dominate. In addition, both
models exhibit extensive thermal nonequilibrium over much of
the shock layer, and in particular the vibrational and electron
temperatures do not equilibrate until near chemical equilibrium.
The only significant difference is the presence of the excited
state populations in the species mole fraction profiles. Since the
species profiles are not affected by using the multistep ionization
rates as opposed to the single step rate, these results seem
to validate Wilson’s assumption that the ground to excitation
process is indeed rate limiting. A comparson of the radiation
from the two models shows that the continuum contribution has
cffectively remained the same. However, the line contribution
has increased in all cases implying that the calculated excited state
species are not fully in equilibrium with the free electrons and
ions as assumed for the first order method since this equilibrium
results in a depletion of the excited state population in regions of
chemical nonequilibrium such as behind the shock front where
the ionization level is increasing,

A comparison of the second order LTNE Fire 2 results with
the flight data is made in Fig. 16. The 210 4 eV, which were high
before, are even higher with the new model due to the increase
in the few atomic lines in this-range. The numerical results
for the range of 0.02 to 6.2 eV are now much too high at both
1634 and 1636 seconds, while they are close at 1637.5 seconds.
Since the increase in infrared line contribution places the current
results above the measured 0.02 to 6.2 eV data, the possibility
that the second order LTNE method is now underpredicting the
level of LTNE must be considered. Results of Park?* using the
QSSM method for determining excited state populations indicate
a continuously increasing divergence from LTE with increasing
excitation levels as opposed to the two regions of LTE, ground
and excited, assumed for this current method. The larger amount
of LTNE at highly excited states as compared to the lower excited
states would contribute 10 decreasing the amount of radiation
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from the high line ransitions (infrared). Onc possible resolution
of this dilference may be to consider not only two levels of
L.TE for atomic nitrogen and oxygen, but also two electronic
icmperatures if energy exchange rates between the two levels
could be determined.

At 1634 scconds, the relatively constant enthalpy profile
and the small difference between coupled and uncoupled
wall radiative absorption indicates that radiation cooling is
insignificant. From the temperature and species profiles it is seen
that at this condition, the shock layer is in extensive chemical
and thermal nonequilibrium. Comparing these results to those
previously reported for nitrogen alone, Ref. 2, shows some
differences in the thermal realxation which may be attributed 1o
the different dissociationrates in the Dung and Kang reaction set
for nitrogen and the Park reaction set for air.

The solutions at 1636 scconds and 1637.5 seconds show
progressively less nonequilibrium behind the shock layer. By
1637.5 scconds, the temperature profile (Fig. 6) indicates a
post shock nonequilibrium region of only about 25% of the
total thickness. The equilibrium temperature and amount of
cquilibrium ionization is roughly equivalent at all three times
since the flight velocity and, thus, the total enthalpy are not
significantly different. The total radiative flux increases with
time, however, since the vehicle is decending into denser gas
regions and the total number density of the radiating species is
increasing. As can be seen from the change in the radiative flux
when radiation/gasdynamic coupling is included, at both 1636
and 1637.5 seconds a noticable amount of radiative cooling is
present.

The trend of shifting from molecular to atomic dominated
radiation at later times in the trajectory can be seen by comparing
the spectral radiative results at the different case conditions. At
1634 seconds, Fig. 3, the total radiative flux is nearly equally
divided between the molecular radiation (mainly between 2 and 4
eV) and the atomic line and continuum radiation. For the region
between 0 and 6 eV, the molecular contribution dominates the
atomic contribution. At 1636 seconds, Fig. 5, both the total
and O to 6 eV radiative flux is predominantly atomic although
molecular is still significant. Finally at 1637.5 seconds, Fig. 7
the relative contribution of molecules is reduced further but is
still significantin the lower band region.

The radiatively coupled result for the AFE4 conditions in
air are presented in Figs. 8 through 9. The species mole fraction
profiles also show the effect of the different dissociation rates
used in Table II with the N, profile having a greater degree
of nonequilibrium than previous nitrogen resulis. The spectral
radiation plots of Fig. 9 indicate quite clearly that molecular
species are the only significant contributor at these conditions.
This result combined with the above observation that the current

molecular LTNE method may not be totally accurate indicates
that further research is nceded in this area.

The 12 km/sec case, when originally considered with the
Wilson electron impact ionization rate, Ref. 2, showed extensive
chemical and thermal nonequilibrium through the shock layer;
although, with the use of the new rate the nonequilibriumregion
was reduced to only 35 to 40% of the shock layers. The excited

state populations, N* and O°, as seen in Fig. 10 closely follow

the electron-clectronic lemperature profile. The radiation profiles
in Fig. 11 indicaic that the radiative wall flux at this condition
is predominantly from atomic radiation. This observation could
also have been made by considering the specics profiles which
show that almost total molecular dissociation has occured by the
cnd of the nonequilibriumzone. The decrease in the enthalpy and
percent ionization indicate that radiative cooling is significant for
this casc. .

As the velocity is increased to 14 and 16 kmy/sec, the
increase in total enthalpy of the freestream flow resulis in higher
temperatures and percent ionizations in the shock layer. The
extent of nonequlibrium is also progressively decreased due to
an increasing density behind the shock and, thus, an increasing
number of collisions. This increasing density is not a result of
a stronger shock wave, since inviscid, frozen gas shock relations
show that a maximum density jump of 6.0 can be expected for
air, but is due to the larger decrease in heavy particle temperature
between the shock and the equilibrium region. The pressure
behind the shock is relatively constant which means that density
must increase in an inverse relation with temperatwre. The 14
and 16 kmy/sec results also show progressively larger effects due
to radiative cooling with the 16 km/sec have a coupled wall
radiative flux one third lower than the uncoupled result.

Hyperbolic Body Solutions

As mentioned previously, two downstream solutions have
also been obtained for 60°and 45°hyperboloid bodies with a
nose radius of 100 cm. The calculations are radiatively coupled
using the first order LTNE method; but due to the low total
heat flux, there is no significant radiative energy loss from the
shock layer. In calculating these results, two modifications were
made to the existing code in an auempt to smooth out shock
slope discontinuities occuring near the stagnation line of the
axisymetric flow. First, the alternate approach for calculating

shock standoff distance, A, given by Miner and Lewis®3 has been
used. This method uses the exact mass flow through a cylindrical
stream tube to calculate the necessary mass flux through the
shock layer as opposed to a differential approximation previously
used. Second, the stagnation streamline A has been calculated
by extrapolating the downstream solutions with the condition that
the first derivative of A with respect to surface length should be
zero at the stagnation point. This change corrected an apparent
underprediction of the stagnation point A. While this method
can have stability problems due to the explicit determination
of the stagnation A from previous global iteration information,
convergence can be acheived with under-relaxation of the changes
in shock shape between global iterations.

The converged shock shapes for both conditions are shown
in Fig. 17 along with the specified body shapes and a comparison
with the body shape of a 60°sphere cone. The 60°hyperboloid
has a noticably thicker shock layer in the stagnation region even
though visibly the surface slopes and curvature in this region
are equivalent. This difference indicates that global iteration
is properly providing an upstream influence from the blunter
body. The 45°hyperboloid body is also seen 1o be a slightly
better approximation to-the sphere cone shape in the fore region
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although the surface slope is shallower than the conc angle on the
afterbody.

The radiative and convective heating data for both hyper-
boloid bodics is presented in Fig. 18, Duc to the increased
standoff distance, the 60°hyperboloid shows a greater radiative
heat flux than the 45°shape. Also, while the radiative fiux to the
45°body decreases significantly downstrcam from the stagnation
point, the 60 degree case remains rclatively constant. This be-
havior is due to a combination of effects: A increases faster, the
shock temperatures and percent ionization decrease less rapidly
and the relative amount of equilibrium in the shock layer also
increases downstream for the 60°casc. The profiles shown in
Figs. 19 and 21 help show this point. Note these results were
made using a three temperature model but the results for T, arc
left off on these plots to avoid confusion. On these plots, three
solution profiles are shown for distances of S/Rnose of 0, .5, and
1.

The radiation frequency specira for the two cases, Figs.
20 and 22, are similar at the stagnation point in both cases.
Downstream at S/R of 1 the amount of radiation at all frequencics
has decreased for the 45°case. However, for the 60°case, the
molecular and_infrared line radiation has increased over the
stagnation levels while the ultraviolet radiation has decreased.
This shift to the infrared is consistent with a lowering of the
equilibrium temperature downstream and a higher concentrations
of molecules and non-ionized atoms in this region.

The convective heat flux for the 60°case is lower as shown
in Fig. 18 due to the thicker thermal boundary layer which
follows from the thicker total shock layer. Both the 60°and
45°cases show an initial increase in the convective heat flux
between the stagnation point and the first point downstream.
Results from other authors working with sphere cones>*36 show
a small variance in Q. in this region but not an actual increase.
On the other hand Candler and Park>’ predict a very pronounced
increase with a blunter, ellipsoidal nose shape. Otherwise,
both the convective and radiative heat fluxes presented here arc
consistent with those shown in Refs. 34-37 considering the
differences in body geometry and surface catalycity.

Conclusions

A survey of solutions using the complete gasdynamic model
coupled with an LTNE corrected radiation model demonstrates
the usefullness of the current method. Comparisons with Fire 2
flight data are encouraging; but some improvement are needed,
particularly in the area of molecular LTNE methods.

A second order LTNE model for air has been evaluated in
comparisons with an existing first order model. The results are
similar; but the second order LTNE model consistently shows
a higher level of atomic line radiation, indicating that the first
order assumption of full equilibrium betwcen the excited states
with the jons and clectrons may not be completely justified.
Comparisons of the second order LTNE model with Fire 2 flight

data on the other hand, show an apparent excessive amount of -

atomic line radiation attributed to transitions between the higher
excited states. Thus, the new model may be underestimating the
amount of LTNE in the very upper excited state regions.

A complete gasdynamic-radiative coupled flowfied solution

method has been developed for the purpose of cvaluating the
cffects of LTNE prediction methods and radiative cooling. In
the development of this method, consideration has been given to
the modeling of the following phenomena: multi-iemperatures
(thermal nonequilibrium), chemical nonequilibrium in a muli-
iemperature environment, multicomponent-multitemperature dif-
fusion, and thermodynamic and viscous property calculation. The
numerical robustness of the method has allowed the evaluation of
the radiative heating environment over a wide range of flight and
vehicle conditions. These results along with observations made
concerning the effects on the radiative environment predicted
with a second order LTNE method consistitute a significant ad-
vancement in the engineering modeling of nonequilibrium reentry
flows.
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Nonequilibrium Chemical and Radiation Coupling,
Part I: Theory and Models

Leland A. Carlson* and Thomas A. Gally+
Texas A&M University, College Station, Texas 77843

A flowfield modet for the stagnation region of high-altitude entry vehicles which includes nonequilibrium
chemistry, multitemperature, viscous, conduction, and diffusion effects is presented. The model contains coupled

nongray nonequilibrium radiative transfer and accounts for local thermodynamic notiequilibrium phériom

éra_

for both atems and molecules. Several approaches for modeling electron-electronic energy are presented ranging
from a quasiequilibrium free electron model to a full electron-electronic equation. Comparison with Fire 2 flight
data verifies that the model is reasonably accurate. Based on these results for Fire 2 radiation cooling/coupling
is measurable and important, the wavelength character of the radiative heat transfer varies with time, and local
thermodynamic nonequilibrium is important and should be included.

Nomenclature

black body function

diffusive energy flux, Eq. (10)

mean thermal velocity of electrons
frozen specific heat at constant pressure,
Eq. (7)

specific heat at constant pressure of species r
= binary diffusion coefficient

= ionization potential

exponential integrals

= enthalpy

geometric factors

= absorption coefficient

= Boltzmann constant

= mass

= number density

coordinate axis

= pressure

= partition function

= radiative heat flux

= wall reflectivity

= source function

= temperature

= diffusional velocity

mass averaged velocity components

= chemical production rate

shock standoff distance

= shock standoff distance

= Reynolds number parameter

= wall emissivity

= magnitude of electron charge

= heat conduction coefficient

= rate of elastic electron energy exchange
= density

= optical thickness

= wall sheath electric potential

= rate of inelastic electron energy exchange
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Subscripts

e = electron

el = electron impact reaction
r = species

s = value behind shock

v = frequency

Superscripts

e = electronic

n,n + 1 = iteration step

tr = translational

1ntroduction

N the future, space programs will be conducted which will

require the efficient 1 return of large payloads from missions
to the moon or to the planets. To accomplish this task, the
return vehicles will cither utilize direct entry at very high
velocities or aerocapture techniques. In either case, a signif-
icant portion of the entry will involve high velocities at high
altitudes; and, during this part of the trajectory, the vehicle

flowfields will be dominated by chemical, thermal, and ra--

diative nonequilibrium phenomena. To design and operate
such vehicles, it is essential to develop engineering flowfield
models which appropriately and accurately describe thése
chemical, thermal, and radiative nonequﬂ'bnum Processes
and the couplmg between the.

Previously,' the importance of properly predicting electron
temperature and modeling electron impact tonization was in-
vestigated and a quasiequilibrium free electron energy model
and a two-step ionization model formulated. In addition, an
approximate method of handling nonequilibrium atomic ra-
diation, which assumed that the excited states of atoms are
in equllnbrlum with the local free electrons and ions, was
developed'~* and applied to an eight-step nongray emission-
absorption radiation model. While the results obtained with
these models were informative, the lack of detail in the ra-
diation model, particularly with respect to atomic lines and
the molecular ion bands, indicated a need for improvement,
and the approximate nature of the nonequilibrium molecular
radiation portion of the model appeared to underestimate the
molecular band radiation. Further, the quasiequilibrium free
electron energy model assumed that the electronic tempera-
ture was determined solely by the free electron temperature.
While this approximation should be good for many conditions
of interest in aerocapture and entry. it was felt that additional
models should be developed to improve the modeling of elec-
tron energy and temperature due to their importance in de-
termining nonequilibrium ionization chemistry and radiative
transfer.
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Thus, the objective of this paper is to present an improved
engineering flowfield model for high-altitude AOTV flowfields
having extensive chemical, thermal, and radiative non-
equilibrium. In a companion paper,* this model is applied over
a wide range of conditions to investigate the magnitude and
extent of nonequilibrium chemical and radiation coupling phe-
nomena in high altitude entry vehicle flowfields.

Problem Formulation

Flowfield Model

The flowfield model used in this investigation is a viscous
shock layer analysis which includes the effects of chemical
nonequilibrium, multitemperature thermal nonequilibrium
(heavy particle and electron or electron-electronic tempera-
ture), viscosity, heat conduction, diffusion, and radiative gas-
dynamic coupling. The basic method, which is a significantly
modified version of the NASA Langley code VSL3DNQ?® is
similar to the version used in Ref. 1, but a number of addi-
tional modifications have been incorporated since the earlier
study. First, the viscous shock layer (VSL) code has been
coupled with modified versions of the radiation routines of
the NASA Langley program, RADICAL,® which is described
below, giving the ability to calculate flowfield solutions with
the effects of radiative cooling present. This coupling is achieved
by adding to the global energy equation the divergence of the
radiative flux, V-gq,. Second, the chemical reaction rate input
data has been changed to allow the use of a single reaction
rate, k, or k,, and the equilibrium constant, K, rather than
using both forward and backward rates. With this modifica-
tion, species concentrations in the equilibrium regions of a
flowfield are now in agreement with results from equilibrium
analysis. Third, the effects of multitemperatures on the shock
jump conditions and thermodynamic state variables have been
improved.

One of the advantages of a VSL method is the ability to
distribute many flowfield points in regions of large gradients,
such as in the region immediately behind the shock front and
in the highly nonequilibrium thermal layer near the wall.
However, this approach requires proper shock front jump
conditions since diffusion and thermal conduction phenomena
can be significant in the region immediately behind the shock
front. Thus, the present method includes multitemperature
shock slip boundary conditions, and the importance of in-
cluding and utilizing these conditions is shown in Ref. 4. In
addition, the present method permits various wall catalytic
properties and includes appropriate spectral variations in the
treatment of the wall boundary conditions.

Radiative Transfer Model

The radiation analysis in RADICAL is a detailed method
which includes atomic continuum radiation, molecular band

radiation, and atomic line radiation for the standard CHON

(carbon, hydrogen, oxygen, nitrogen) gas system. While the
original method used individual species number densities and

assumed a Boltzmann distribution to calculate the excited

state number densities for each species, and, from this data,
the individual radiative absorption coefficients associated with
each radiative process, such an approach is not suitable for
nonequilibrium conditions. Thus, the original model has been
extensively expanded and modified to include nonequilibrium
chemical and thermal effects and to account for excited state
population distributions different from those predicted by a
Boltzman distribution. Under the assumption of a radiating
tangent slab, the radiative heat flux at a surface located at
point x can be calculated as, assuming a nonemitting precursor

—q,(x) = 2m f " sgn(r, = T)S.ESr — 7)) dr,

—2E(r)m ((WB,." - 2r, J E1)S. d:,‘) (1
\ O

where 7, is the optical thickness determined by

= Koy @

The absorption and source functions used in these expres-
sions are the sum of all radiative contributions at the fre-
quency v. In the present engineering approach, this none-
quilibrium radiation flux, its divergence, the absorption
coefficients, and the source functions are computed by the
modified RADICAL radiative analysis codc using actual spe-
cies concentrations, the appropriate electron-electronic tem-
perature, and correction factors on the effective source func-
tion S, and absorption coefficients K,. This correction factor
approach accounts for the existence of non-Boltzmann dis-
tribution state populations (i.e., local thermodynamic none-
quilibriurn, LTNE) and effectively determines the correct state
populations. It should be noted that in solving the global
energy equation, the V-g, term is coupled to the flowfield
solution by updating it about every 10 iterative cycles.

Nonequilibrium Molecular Radiation Model

Previously, an approximate LTNE model for molecular ra-
diation had been developed,? but it is now believed that this
model overcorrected and underestimated the actual molecular
radiation. This belief is reenforced by experimental measure-
ments made in molecular radiation dominated shock flows
which exhibit a radiation intensity peak behind the shock front
in conjunction with the predicted electron temperature peak.
Thus, significant depletion of all of the excited molecular
states, as predicted by the theory of Ref. 3, is not expected.
Consequently, an improved model for molecular nonequi-
librium radiation has been developed.

After examining various approaches, a quasisteady ap-
proach similar to that of Ref. 7 has been developed which
computes the electronic state populations associated with the
radiating molecular bands. Specifically, for N,, the popula-
tions of the X'X;, A°X;, B’IL, a'll,, and C°II, states are
computed; while for N3 the X?2:, A%ll,, B’Z;, and DI,
are included. This approach has been incorporated into the
flowfield and radiative transport code, and there is no as-
sumption concerning the existence of equilibrium between
excited molecular states and atoms as there was in Ref. 3.
Thus, in this new molecular model, both source functions and
absorption coefficients associated with molecular band radia-
tion are corrected for nonequilibrium effects. However, in
this quasisteady approach there is the inherent assumption
that the rates used to determine the state populations are
compatible with the overall rate chemistry. For the molecules,
it is believed that the various rates are reasonably well known
and that this inherent assumption is satisfied.

The upper state of the Birge-Hopfield band, b'Il,, is a
highly excited state and its population is not one of those
calculated in the quasi-steady solution from above. This state
is similar to the C3II, state in that it lies entirely above the
dissociation limit and, as shown in Ref. 8, is in close equilib-
rium with the atomic number density for collisionally domi-
nated conditions. As a result, the state population correction
calculated for the CII, state is also used to calculate the
LTNE b'I1, population. In general, results indicate that for
the N, Birge-Hopfield band, b'Il, to X'Z; transition, the
correction factor for the absorption coefficient is frequently
near unity but that for the corresponding source function it
is quite small in the nonequilibrium portion of the shock layer
immediately behind the shock front. Since the absorption
coefficient depends upon the number density of the absorbing
state and the cffective source fuaction is proportional to the
ratio of the populations of the emitting and the absorbing
states, this behavior is what would “normally™ be expected.

For the N,(BH) band. emission is from high excited states,
which should be depleted by nonequilibrium effects, and ab-
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sorption is to the ground electronic state, whose population
density should be closely predicted by a Boltzmann distri-
bution. Likewise the N,(1+), BII, to A*Z; transition, typ-
ically displays only a slight nonequilibrium correction for the
source function, but its nonequilibrium absorption cocfficient
is significantly decreased from that predicted using Boltzmann
distributions. This trend is also “expected” since N,(1 +) in-
volves two excited states, B, and 43!, On the other
hand, while the absorption coefficient factor for Ny(2+), ClI,
to B, transition, is similar to that for Ny(1+), the source
function for N, (2 +) is typically significantly reduced in the
chemical and thermal nonequilibrium region behind the shock
front, indicating that predissociation is significantly depleting
the population of the C*II, electronic state.

The most interesting result, however, is that the N3 (1)
radiation, B*Z} to XX} transition, is usually only slightly
affected by nonequilibrium phenomena. This result is in
agreement with experiments which, at least at lower veloci-
ties, have indicated a strong N3 (1 —) contribution. However,
since the number density of N3 is often only significant in
the region immediately behind the shock front, any N3(1-)
radiation should originate from that region. This feature is
discussed further in the results section and in Ref. 4.

Another phenomenon associated with the molecular non-
equilibrium radiation is that often in the thermal boundary layer
near the wall, several of the factors accounting for LTNE exceed
unity and become large. This behavior indicates an overpopu-
lation of excited states above values which would be predicted
by a Boltzmann distribution, when intuitively an equilibrium
distribution might be expected due to the increased density near
the wall. However, the thermal boundary layer is often in sig-
nificant nonequilibrium since the chemical reaction rates are
finite and cannot keep up with the true local equilibrium; and
these finite rates lead to atom and sometimes ion concentrations
above local equilibrium. In addition, diffusion tends to perturb
the species population densities and causes atom and ion den-
sities above equilibrium values, which in turn creates enhanced
molecular excited state populations. This enhancement, how-
ever, does not lead to increased radiative emission from the gas
near the wall, and, probably due to the lower electron-electronic
temperature in that region, it does not for the cases examined
appear to affect the radiative heat transfer. Thus, in the present
studies limitations on the molecular noaequilibrium correction
factors have not been imposed.

Nonequilibrium Atomic Radiation Model

Local thermodynamic nonequilibrium effects on atomic ra-
diation are also computed by applying modification or cor-
rection factors, which account for the deviations in state
populations from Boltzmann distributions, to the absorption
coefficient and source function values utilized in the radiative
analysis. Such atomic LTNE definitely exists in the chemi-
cal nonequilibrium region immediately behind the shock
front!-37® where, due to ionization from excited states, the

populations of the higher electronic states will be lower than

predicted by a local thermodynamic equilibrium (LTE) as-
sumption using the ground state. Likewise, in regions of re-
combination the reverse processes can lead to state popula-
tions above those obtained using LTE. R
The current model, which should probably be termed a first
order approximation, has been presented previously in Refs.
1-3 and similar models have been used for monatomic
gases." 3 This model assumes that atomic ionization pro-
ceeds by excitation from the three low ground states (for
nitrogen) to the high excited states, followed by rapid ioni-
zation. Further, the model assumes that excitation from the
ground states to the higher states is a rate limiting step for
the ionization process and that the excited states, because of
their energy proximity to the ionized state, are in equilibrium
with the free electrons and ions. With this approach,' * the
atomic nitrogen LTNE correction factor, which represents the

ratio of the actual population in an excited state to that which
would exist for a Boltzmann distribution, can be written as

Ny.N.Qs exp(169000/T,)
N Q& . Q.

This factor is usually less than one in ionization regions and
can be greater than one in zones involving extensive deioni-
zation.

In contrast, Park® and Kunc et al.’* handle atomic LTNE
by using a quasisteady analysis in which, while rate processes
between all the bound states and between the bound states
and the ionized state are assumed finite, they are assumed to
be fast relative to changes induced by the flowfield (quasi-
steady hypothesis). Thus, at any point in a flowficld an equi-
librium between the states will exist which is perturbed from
a Boltzmann distribution due to large radiative absorption/
emission or chemical non-equilibrium. Kunc et al. have per-
formed calculations in which they specify the electron tem-
perature and the total number of charged particles (defined
as two times the number of atoms plus the number of ions
plus the number of electrons), leaving the actual number of
ions and free electrons to be determined as part of the un-
known populations.

Park, on the other hand, in the application of his method”
assumes the number of ions and electrons to be given by a
flowfield solution. Under this approach, a non-Boltzmann
distribution can be achieved even in the absence of radiation,
if the number of ions and electrons differs from equilibrium.
To be totally correct, however, the excitation and ionization
rates associated with each level must overall be consistent
with the ionization rates used in the flowfield solution.

Obviously, the present first-order approach and those of
Park and Kunc et al. represent the extremes of modeling
LTNE atomic phenomena. While the present first order ap-
proach is simplified in its assumption that the rates between
the excited states and the free ions and electrons are infinitely
fast (i.e., local equilibrium), it does directly couple the pre-
dicted excited state populations to the flowfield and, unlike
the detailed quasisteady approaches, it is not computationally
intensive. In addition, the latter are sensitive to the choice of
the individual rates; and it is difficult to know which rate to

3

adjust when comparing with experimental results and at-—-

tempting to improve the correlation. Finally, the present model
when coupled with a compatible electron impact ionization
rate has been shown to yield good agreement with exper-
mental ionization distances.’

Electron-Electronic Energy Models

For the present studies, three different electron-electronic
energy models have been developed and investigated. The -

first, termed the quasiequilibrium electron energy model

(QEE), is essentially a free electron energy model in which
all derivative terms in the electron energy equation are ne-
glected; and it can be expressed as

. ot
W — W = = D&+ O, )

where the £, terms account for elastic collisional effects and
Q. represents inelastic effects due to chemical reactions in
which electrons contribute or receive energy (electron impact

reactions). It should be noted that the term w /2 is usually

very small and can be neglected. This model was previously
presented in Ref. 1, which contains additional details. The
second is termed the quasiequilibrium electron-electronic en-
ergy model (QEEE) and is similar to the first model in that
it computes the electron temperature assuming quasiequi-
librium. However, it explicitly accounts for the effect of elastic
and inelastic collisions on the energy contained in electronic
states of cach species as well as the free electron energy; and,

i
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thus, the resulting temperature is truly representative of elec-
tron-electronic energy. The resulting equation is

2
Wt + S whs — iz =T e 40 ()

where the term Zph¢ accounts for the production and de-
pletion of electronic energy due to chemical reactions.

The third model utilizes a full combined electron-electronic
energy conservation equation which includes the effects of
convection, conduction, and diffusion, in addition to the pro-
duction and loss of electron energy through elastic and ine-
lastic collisions. This full electron-electronic (FEE) energy
equation for the stagnation line is

a p\ 9T,
w5 - (Ema i)

ey why + Skt = T+ 0, ©)

(o < 9
u & — —
PU% an ~ an

where

G = el ™

In this equation, the viscous work terms have not been
included due to the fact that they are of lower order. In
addition, radiation effects on electron-electronic energy have
been neglected as have diffusion effects!® on the form of the
collisional energy exchange factor, £,,. The latter are expected
to be small in most cases due to the rapid dissociation of
molecules and the existence of ambipolar diffusion. However,
it might be important at some of the lower AFE velocities.
It should be noted that Eq. (6) is equivalent to that presented
in Refs. 16 and 17. However, it differs slightly from that
presented in Refs. 1 and 15 in that these contain the additional
terms

2
w,u—+ U,ap‘
2 an

which arise as a result of the differences in the derivation of
the species energy and momentum equations. It is believed
that these additional terms occur as a result of using the more
detailed approach of Chapman and Cowling.'® In any event,
based upon order of magnitude estimates these two terms are
expected to be small, and their neglect in the present studies
should not affect the results.

When Eqgs. (6) and (7) are expressed in three dimensions
and transformed into the viscous shock-layer coordinate sys-
tem they become

3T, aT, aT, aT,
Ag— + A < <=0
9 an? ' an EY S
®
N7
Ay = —627
- M| | mohy om0k,
A € y,? [an hy dn  h, an
pan [, omundy, _pwnay] &
Vs hy o hy 3¢ yi

er

] 3
= — (Wwh) —
A, = pp 3T, (wh) 3T, 2

wup, dp, puundy dp. p,uap,
h, as hyy, ds dn vy, dan

BAN e oiany — o, - (i
+h3y,ad>6 p.p(Wh) — pp (W)

d
- Z‘fﬂ"_ T'a—T,Zg"

A= h
1

AS — pspwcg ° (9)
hy
where
e tr 9 p' J ‘_"_’
Coum = CpB. - + 2 53, - p
(Wh)( = W(hl(f + z W,h: + thEel (10)

and h, and h, are geometric factors for the axisymmetric co-
ordmate system.

This full electron energy equation is mtegrated into the VSL
code by setting up the terms in the same form as those for
the global energy equation and then solving the equations
using the existing routine for solving the global energy equa-
tion. In the cascade order of solving the governing conser-
vation equations typical of VSL methods, the electron energy
equation is included following the global energy equation,
which is where the QEE or QEEE equation is normally in-
cluded. Initially, the electron energy equation was not well
behaved when solved in this manner primarily due to the large
order of magnitude of the elastic exchange and chemical pro-
duction terms, which, since they are nonlinear, were originally
included explicitly in the calculations. Consequently, to pro-
vide iterative stability, these terms have been linearized as
follows:

(P = T+ (T = T2 (S o)
)

an n+1 _ n %)

=&+ (T2 - T (aT (12)

Another item which should be considered in modeling elec-
tron-electronic energy is the proper boundary condition on
electron temperature at the wall. In most past analyses,'# it
has been assumed that at the wall the electron temperature
is equal to the wall temperature. Since the heavy particle
temperature is also assumed equal to the wall temperature at
the wall, this approach effectively assumes that the electron
temperature is equal to the heavy particle temperature. At
first this approach-seems reasonable and follows the philos-
ophy that in the thermal boundary layer near the wall the
flow should be near equilibrium and collision dominated.
However, in the thermal boundary layer the chemical reaction
rates are finite and often cannot keep up with local equilib-
rium. This lag combined with diffusion leads to atom, ion,
and electron densities above equilibrium values and in turn
enhanced excited state populations. In addition, in the elec-
tron-electronic energy equation ionic recombination yields an
increase in electron energy and tends to force the electron
temperature above the heavy particle temperature.

Further, since almost all walls are catalytic to ions and
electrons, there exists a thin plasma sheath adjacent to the
wall across which a potential develops in order to maintain
zero charge flux at the sheath edge. Since the thickness of
the plasma sheath is negligible in comparison to that of the
wall thermal layer, the edge of the sheath can be construed
as being physically at the wall. Thus, the proper wall boundary
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conditions on the continuum equations should be obtained
by matching the particle description in the plasma sheath to
the corresponding continuum description at the wall. Ex-
amination of appropriate sheath models shows that continuity
of electron energy flux requires®®-2!

aT,
—< _ !
(n, o P U, 1()

= [2KT, + oo Nt exp(%"') (13)

n=0

where the sheath potential is determined by enforcing charge
neutrality at the sheath edge. If the wall is catalytic to ions
and electrons, this free electron boundary condition can be
approximated as 47 /an = 0. While this condition is not strictly
applicable to the electronic temperature at the wall, its usage
for the electronic temperature as well as the free electron
temperature should not induce any significant error.?' Thus,
this approximate boundary condition has been incorporated
as an option into the present full electron-electronic equation
model. Finally, analysis indicates that the heavy particle spe-
cies, being in good contact with the wall, should be at the
wall temperature.

Since the present flowfield formulation does not include
vibrational nonequilibrium, the above electron-electronic en-
ergy models do not include vibrational-electronic coupling.
While this phenomena should not be important at higher entry
velocities due to the rapid dissociation of diatomic species in
and near the shock front, it could be important at lower ve-
locities. Thus, efforts are in progress to include vibrational
nonequilibrium and vibrational electronic coupling; and these
have been reported in Ref. 22.

Discussion of Results

In order to ensure that the present method and models are
reasonably correct and appropriate, results have been ob-
tained for five trajectory points along the Fire 2 entry profile
covering the time period from 1634 through 1637.5 s. These
points were selected because they encompass a period of the
flight involving extensive chemical and thermal nonequi-
librium and changing radiative behavior. In all cases, the re-
sults are for the stagnation streamline, utilize 99 points be-
tween the shock front and the wall, and, for simplicity, assume
a nitrogen freestream. The nonequilibrium chemistry model
is similar to the case II set of Ref. 1 and is shown in Table
1, and it should be representative of high temperature ra-
diating air. For diffusion, the approximate multicomponent
model of Ref. 23 has been used. Since in a high-temperature
ionized diatomic gas, charge exchange and ambipolar effects
cause atoms, ions, and electrons to a!l have to a first ap-
proximation similar diffusion velocities, such a gas should be
dominated by only two diffusion velocities, that of the mol-
ecules and that of the atoms, ions, and electrons. For such
cases, previous studies* > have shown that the differences
between using a constant Lewis number of 1.0 or 1.4 or a

variable Lewis number are small, and thus the commonly used =
value of 1.4 has been used.? Hence, the present model should °

Table 1 Reaction rate system

Reaction A B E
N, + N = 3N 4.085 x 102 -1.5 113100
N, + N, = 2N + N, 4.70 x 10V -0.5 113100
N, + N* = N3 + N 2.02 x 10" 0.8 13000
N+N=Nj +e" 1.40 x 10" 0.0 67800
N+e =N+ + 2~ 4.16 x 10" 0.5 120000
N+N=N+N"* +¢- 2.34 x ov 0.5 120000
N+ N* =2N* +e¢- 2.34 x 1ov 0.5 120000
N, +em =2N" +e- 3.00 x 10% ~-1.6 113100

Rates in the form k, = AT® exp{- E/T).
T = T, in electron impact reactions.

adequately represent the diffusion phenomena present, in-
cluding multi-component effects.

These Fire 2 results have been computed assuming a fully
catalytic wall at the wall temperature measured in flight, and
the full electron-electronic energy model has been used in
conjunction with the approximate wall sheath boundary con-
dition on the electron temperature. Slip conditions have been
enforced at the shock, and the correct wall absorptivity and
reflection properties of the wall, as described in Refs. 27 and
28, have been included. Finally, coupled nongray radiative
transfer has been included, and local thermodynamic none-
quilibrium effects have been accounted for using the molec-
ular and first-order atomic models described above.

Figures 1 and 2 show temperature and concentration pro-
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files for two of these trajectory points. At 1634 s (Fig. 1), as
evidenced by comparing the “Coupled” and “Uncoupled”
temperature profiles, radiation cooling/coupling is insignifi-
cant, and the temperature and species profiles show that the
flow never approaches a chemical equilibrium situation with
extensive thermal nonequilibrium existing in the region be-
hind the shock front and in the thermal boundary layer. The
latter results from the sheath boundary condition on electron
temperature and three body ion recombination which adds
energy to both the free electrons and the excited electronic
states. Interestingly, results obtained by forcing T, to equal
T,, at the wall yielded only slight differences in heating and
the flowfield structure.

By 1637.5 s (Fig. 2), the temperature profile indicates that
the postshock nonequilibrium region comprises only about
20% of the layer and that much of the flowfield is in equilib-
rium. However, while thermal equilibrium is achieved near
ylySHOCK of 0.75, careful examination reveals that ioniza-
tion equilibrium is not reached until about y/y SHOCK 0f 0.55.
Further, as indicated by the temperature decrease and changes
in species concentrations, radiation coupling/cooling is evi-
dent throughout much of the shock layer. These phenomena
can be seen more easily on Fig. 3 which portrays the enthalpy
behavior along the stagnation streamline. The profiles show
that in the coupled case the enthalpy decreases significantly
due to radiative energy losses in the shock layer. While not
shown, the degree of ionization in this region also decreases
due to the loss of energy by radiation.

In Fig. 4, the present predictions for various heating rates
are compared to the flight data. In flight, a total calorimeter
measured the sum of the convective heating plus that portion
of the radiative heating absorbed by the gauge, which is in-
dicated by the QC + ALPHA*QR line on the figure. The
present predictions, indicated by the open squares, are in
reasonable agreement with the flight data; and, while not
shown, the current predictions for convective heating are in
excellent agreement with corresponding values of Refs. 29~
31. The high value at 1634 s is typical of theoretical predic-
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Fig. 3 Enthalpy profiles for Fire 2 at 1637.5 s.
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Fig. 4 Comparison of present Fire 2 predictions (nitrogen) with flight
data (air).

tions, and, since this condition is dominated by convective
heating, the difference may indicate that at this point the wall
(or gauge) was not fully catalytic. This possibility is suggested
by the results of Ref. 32 which obtained good correlation with
Fire 2 data by not assuming fully catalytic walls.

Also shown on Fig. 4 are comparisons for radiative heating
to the wall for two wavelength regions, 0.02-6.2 eV which is
in the visible and infrared, and 2-4 eV which primarily should
be due to N;(I-) emission. For the latter case, the flight
data?”-?® exhibited extensive scatter, and this is indicated on
the figure by the cross-hatching. The present predictions in
the 2-4 eV range are within the data scatter at early times
and slightly low at the later times, while the predictions for
the visible and infrared regions are low throughout the times
considered. However, the data do appear to have the correct
trends.

At first glance the radiation predictions appearing on Fig.
4 are disturbing due to their underprediction. However, the
Fire 2 data is a single experiment, and thus must be viewed
with care, and the present results are for a nitrogen freestream
and not air. While itis generally true that equilibrium nitrogen
and equilibrium air will yield almost identical wall radiative
heating rates if they are at the same temperature and pressure,
identical freestream conditions will yield for the Fire 2 cases
cooler equilibrium temperatures for nitrogen than for air. For
example, for the 1637.5 s case, the equilibrium temperature
for a nitrogen freestream would be 10555K, while for an air
freestream it would be 11021K. This small 4.5% difference
leads to a radiative heating rate for air 60% higher than that
for nitrogen. Since the present results were obtained matching
freestream conditions on velocity, temperature, and pressure
and not postshock conditions, the present radiative heating
predictions should be below the flight values, particularly at
the later times where the flow is approaching equilibrium. As
can be seen on Fig. 4, this situation is indeed the case.

To further test this conjecture, a case was run using a slightly
different freestream velocity and pressure that were designed
to match the 1637.5 case in air. While this test was not com-
pletely successful in that the resultant temperature was still
slightly low, the radiative heating results from this case, shown
as solid symbols on Fig. 4, are higher and closer to the flight
data.

To further identify the characteristics of the radiative heat-
ing of Fire 2, the stagnation point radiative flux is presented
on Fig. 5 as a function of energy (frequency) for two trajectory
points. On this plot, the line and continuum contributions are
plotted jointly. Also, for convenience, the line radiation is
presented for lines that are close together as an average value
over an appropriate width. It should be noted, however, that
in the actual calculations the lines are treated individually
using appropriate line shapes.

At 1634 s most of the radiative flux is in continuum radiation

~ between 2 and 4 ¢V and in infrared lines, with about 20% of

the total being from lines. In fact, for this condition 70% of
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the predicted stagnation point radiation is below 6.2 eV. In
contrast, by 1637.5 s there is extensive line and VUV flux,
and the character of the radiation has changed so that 53%
is from lines and only 43% of the total is below 6.2 eV.
However, at all trajectory points there is extensive radiation
in the 2—4 eV range.

Based upon these comparisons with the Fire 2 flight data,
it is believed that the present method and models are rea.
sonable and appropriate. Thus, they should be useful in study-
ing a wide variety of entry vehicle flowfield situations.

Conclusions

In this paper an engineering flowfield model suitable for
analyzing the stagnation region of high altitude entry vehicles
having extensive nonequilibrium has been presented. This
model includes nonequilibrium chemistry, multitemperature,
viscous, conduction, and diffusion effects. It also includes
coupled nongray radiative transfer in a form that contains the
effect of local thermodynamic nonequilibrium on the emission
and absorption characteristics of atoms and molecules. The
boundary conditions permit multitemperature shock slip and
a partially or fully catalytic wall having frequency dependent
radiative properties. Comparison with Fire 2 flight data in-
dicates that the model has the correct behavior and is rea-
sonably accurate. Based on the comparisons, the following
conclusions can be stated:

1) Radiation cooling/coupling is important and is measur-
able even in the early portions of the Fire 2 trajectory.

2) Radiation heat transfer should be included and varies as
to source. In the early stages of the Fire 2 entry, the radiative
transfer is primarily molecular and infrared lines. Later, atomic
VUV continuum and line radiation become very important.

3) Local thermodynamic nonequilibrium phenomena are
important for many species, affects most radiative phenom-
ena, and should be included in all models. While N3(1-)
radiation is relatively unaffected by LTNE, LTNE depopu-
lates the excited states of atoms and N, molecules, affects the
radiation in the postshock nonequilibrium region, and can
lead to an overpopulation of excited states in regions of ra-
diative cooling and in the wall thermal layer.
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Nonequilibrium Chemical and Radiation Coupling,
Part II: Results for AOTYV Flowfields

Thomas A. Gally* and Leland A. Carlsont
Texas A&M University, College Station, Texas 77843

A flowfield model for the stagnation region of high altitude entry vehicles which includes nonequilibrium
_ chemistry, multitemperature, viscous, conduction, diffusion, coupled nongray nonequilibrium radiative transfer

for atoms, and molecules, and local thermodynamic nonequilibrium phenomena has been applied to two Aeroass-
isted Flight Experiment (AFE) trajectory points, a high-speed return from Mars, a series of points al 80 km
for 1216 km/s, and three altitudes at 16 km/s. Based on these results shock slip is significant, radiation
cooling/coupling is minor at AFE conditions but important by 14 km/s and dominant at 16 km/s, radiation for
the AFE is small but important and primarily molecular, above 12 km/s atomic radiation is a signilicant or
dominant portion of the total heating, and local thermodynamic nonequilibrium is important and should be

included in all cases.

Nomenclature
ot = frozen specific heat at constant pressure,
Eq. (4) ,
Cp, = specific heat at constant pressure of species r
D = binary diffusion coefficient
H = total enthalpy
HREF = reference (freestream) total enthalpy
h = enthalpy
n = surface normal coordinate axis
p = pressure :
Q. = rate of inelastic electron energy exchange
QR+ = radiative flux to wall )
q, = radiative heat flux
T = temperature
u = mass averaged velocity
w = chemical production rate
YSHOCK = shock standoff distance
¥, = shock standoff distance
n = heat conduction coefficient
¢ = rate of elastic electron energy exchange
p = density
Subscripts
e = electron
r = species
Superscripts
e = electronic
tr = translational

Intreduction

N the future, space programs will be conducted which will
require the efficient return of large payloads from missions
to the moon or the planets. To accomplish this task, the return

Presented as Paper 91-0569 at the ATAA 29th Acrospace Sciences
Meeting, Reno, NV Jan. 7-10, 1991; received Jan. 22, 1991; revision
received Aug. S, 1991; accepted for publication Aug. 27, 1991.
Copyright © 1991 by the American Institute of Aeronautics and
Astronautics, Inc. All rights reserved.

*NASA Graduate Student Rescarcher, Acrospace Enginecring
Department. Student Member ATAA.

tProfessor, Acrospace Engincering Department. Associate Fellow
ATAAL

392

vehicles will utilize either direct entry at very high velocities
or aerocapture techniques. In either case, a significant portion
of the entry will involve high velocities at high altitudes, and
during this part of the trajectory, the vehicle flowfields will
be dominated by chemical, thermal, and radiative nonequi-
librium phenomena. To design and operate such vehicles, it
is essential to understand these chemical, thermal, and ra-
diative nonequilibrium processes and the coupling between
them at various flight conditions.

In a companion paper,! a viscous shock layer flowfield model
for the stagnation region of high-altitude entry vehicles has
been developed which includes nonequilibrium chemistry,
multitemperature, coupled nongray nonequilibrium radiative
transfer for atoms and molecules, and local thermodynamic
nonequilibrium (LTNE) phenomena. The objective of this
paper is to use this model over a wide range of conditions to
investigate the magnitude and extent of nonequilibrium chem-
ical and radiation coupling phenomena in high-altitude entry
vehicle flowfields.

Description of Flowfield Model

The flowfield model used in this investigation is a viscous
shock-layer analysis which includes the effects of chemical
nonequilibrium, multitemperature thermal nonequilibrium
(heavy particle and electron or electron-electronic tempera-
ture), and radiative transfer. Radiative gasdynamic coupling
is achieved by including in the global energy equation the
divergence of the radiative flux, V- q,, and obtaining solutions
iteratively. Details concerning the development of this model
are in Refs. 1-4. o

The radiation analysis is a modified version of RADICAL,?
which is a detailed method that includes atomic continuum
radiation, molecular band radiation, and atomic line radiation
for the standard CHON (carbon, hydrogen, oxygen, nitrogen)
gas system. To properly model nonequilibrium phenomena,
this new radiative model uses actual species concentrations,
the appropriate electron-electronic temperature, and modi-
fied forms for the source functions and absorption coeffi-
cients. These modifications account for the existence of ex-
cited state population distributions different from those

predicted by a Boltzmann distribution (i.e. . local thermody- *

namic nonequilibrium, LTNE), since non-Boltzmann distri-
butions can significantly affect radiative emission and ab-
sorption. B -
The model also has the option of three different electron-
electronic energy models. The first, termed the quasiequili-
brium electron model (QEE). is a free electron energy model
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in which all derivative terms in the electron energy equation
are neglected; and it can be expressed as

wht — W, — =

Zg+@ (1

where the £, term account for elastic collisional cffects and
Q. represents inelastic effects due to chemical reactions in-
volving electrons. In this model the electronic temperatures
are assumed to be equal to the free electron valuc.

The second is termed the quasiequilibrium electron-elec-
tronic cnergy model (QEEE) and is similar to the first model
in that it computes the electron temperature assuming quasi-
equilibrium. However, it also accounts for the effects of elastic
and inelastic collisions on the energy contained in clectronic
states of each species as well as the free electron energy, and
thus the resulting temperature is representative of electron-
electronic energy. The resulting equation is

WW+2ww-w——2; 0. )

where the term X, w k¢ accounts for the production and de-
pletion of electronic energy due to chemical reactions.

The third model utilizes a full combined electron-electronic
energy conservation equation which includes the effects of
convection, conduction, and diffusion, in addition to the pro-
duction and loss of electron energy through elastic and ine-
lastic collsions. This full electron-electronic energy equation
(FEE) for the stagnation line is

aT. @ ENAYY
£ e _ — %D c r) ¢
PU% 30~ an ( ) (zp o, an p) an
p. | . .
— WSS WAL D ke = X+ O 3)
where
€ o Ir p’ 4 &
= 2 5 4

For more details concerning the electron-electronic energy
models see Refs. 1-2.

Since the present flowfield formulation does not include
vibrational nonequilibrium, the above electron-electronic en-
ergy models do not include vibrational-electronic coupling.
While this phenomena should not be important at higher entry
velocities due to the rapid dissociation of diatomic species in
and near the shock front, it could be important at lower ve-
locities. Thus, efforts are in progress to include vibrational
nonequilibrium and vibrational electronic coupling, and these
has been reported in Ref. 6.

Discussion of Results

Several sets of results obtained using the above methods
and models are presented in this section. In all cases, results
are for the stagnation streamline, utilize 99 points between
the shock front and the wall, and, for simplicity, assume a
nitrogen freestream. The nonequilibrium chemistry model is
similar to the case II set of Ref. 2 and is shown in Table 1;
and it should be representative of high-temperature radiating
air. For diffusion, the approximate multicomponent model of
Ref. 7 has been used. Since in a high-temperature ionized
diatomic gas, charge exchange and ambipolar effects cause
atoms, ions, and electrons to all have to a first approximation
similar diffusion velocities, such a gas should be dominated
by only two diffusion velocities, that of the molecules and
that of the atoms, ions, and electrons. For such cases, previous
studies®¥ have shown that the differences between using a
constant Lewis number of 1.0 or 1.4 or a vaniable Lewis num-

Table | Reaction rate system
Reaction A B E

N, + N = 3N 4.085 x 102 -15 113100
N, + N, = 2N + N, 4.70 x 107 -0.5 113100
N, + N* =N+ N 2.02 x 109 0.8 13000
N+ N=N:+¢" 1.40 x 10" 0.0 67800
N+e =N+ 2 - 46 x 10 0.5 120000
N+N=N+N"¢te¢° 2.34 x 10" 0.5 120000
N+ N =2N* +c¢- 2.34 x 10" 0.5 120000
N, +e” =2N" + ¢~ 3.00 x 10* ~1.6 113100
Rates in the form I\, = AT? exp( - E/T).

T = T, in clectron impact reactions.

ber are small, and thus the commonly applied' value of 1.4
has been used. Hence, the present model should adequately
represent the diffusion phenomena present, including multi-
component effects. In addition, the wall has been assumed to
be radiatively black, noncatalytic to atomic recombination,
fully catalytic to ionic recombination, and at 1650 K. This
value, which corresponds approximately to the maximum pos-
sible for a nonablating surface, has been used for convenigence
and to illuminate cool wall phenomena. However, it is rec-
ognized that for many cases of interest the heat transfer load
will be more than adequate to induce ablation and to raise
the wall temperature to significantly higher values. Finally,
in all cases, unless stated otherwise, shock slip is assumed,
coupled nongray radiative transfer has been included, and
local thermodynamic nonequilibrium effects have been ac-
counted for using the molecular and first order atomic models
described in Refs. 1 and 2.

AFE CFD Point 2

This computational fluid dynamics (CFD) condition cor-
responds to what is often referred to as the “max Q" com-
putational point for one of the initial AFE trajectories at
which the freestream velocity, pressure, and temperature are
8.915 km/s, 15.715 dynes/cm?, and 197.101K, respectively.
For this case the nose radius has been assumed to be 2.3 m,
and the electron temperature was required to equal the heavy
particle temperature at the wall.

The results, presented on Figs. 1a and 1b, were obtained
using the QEE model without the electron impact molecular
dissociation reaction, and profiles obtained with both fixed
and slip shock jump conditions using a Lewis number of 1.4
are portrayed. As shown, the electron temperature rapidly
rises behind the shock front and equilibrates with the heavy
particle temperature. However, as evidenced by the continual
decrease in temperature and the variations in composition
across the shock layer, the stagnation flow for this case is
always in chemical nonequilibrium. Also, the wall thermal
layer comprises approximately 20% of the 12.2-cm-thick shock
layer. For this case, the convective heating was 13.55 W/cm?,
the total radiative heat flux to the wall was 1.56 W/cm?, and
radiative cooling effects were insignificant.

With respect to temperature, the effects of sip vs fixed shock
jump conditions seem to be confined to a small region im-
mediately behind the shock front. However, the impact on
concentration and particularly on total enthalpy are signifi-
cant. In fact, the total enthalpy profiles clearly show that the
fixed shock boundary condition results in an incorrect value
for enthalpy in the interior of the shock layer, leading to
incorrect specics concentration values. Interestingly, when a
Lewis number of 1 is used with the fixed shock boundary
conditions the enthalpy profile appears to be correct and when
a value less than unity is used, the enthalpy is high in the flow
interior. However, for the shock slip condition, the enthalpy
profiles are unaffected by Lewis number. Since a Lewis num-
ber of 1.4 is more appropriate for describing atom-molecule
diffusion, which is the domiinant diffusion mechanism in this
flow. and since the enthalpy ratio in the flow interior in the
absence of significant radiative cooling should be unity. these
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Fig. 1a Stagnation profiles for AFE CFD point 2 using QEE model,
U =8915km/s, H = 77.9km, QR = 1.56 W/em?, OC = 13.6 W/cm?,
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Fig. 1b Enthalpy profiles for AFE CFD point 2 using QEE model.

results demonstrate the importance of using slip shock bound-
ary conditions at these conditions. Also, it should be noted
that since the results shown on Fig. 1 are for a nitrogen free-
stream, the radiative heating values in air, based upon com-
parison with the Fire 2 data,' will probably be slightly higher.

AFE CFD Point 4

This condition corresponds to a “max Q" point for a heavier
AFE vehicle at which the freestream conditions are 9.326
km/s, 26.4 dynes/cm?, and 200 K. Stagnation line temperature
and concentration profiles are presented on Fig. 2, which
compares results obtained using the QEEE model including
the electron impact dissociation reaction with those using the
QEE energy model only. The primary effect of using the
QEEE model is more extensive thermal nonequilibrium and
alower electron temperature through much of the shock layer.
Also, the combined effect of electron impact dissociation and
the QEEE model leads to a more dissociated flow having
slightly different N, and N3 profiles.

However, the most significant difference in the two models
is the radiative heat transfer. For the QEEE case, the lower
electron temperature yields a total radiative flux of 1,18 W/em?,
a shock standoff distance of 11.96 cm, and a convective heat-
ing of 25.8 W/ecm?. For the QEE model it is 2.91 W/cm?, 11.89
cm, and 25.7 W/em?, respectively.

Figure 3a shows the stagnation point continuum and line
radiation distributions predicted with the QEEE model. In
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the actual radiative transfer analysis, lines are considered and
integrated individually, but they are presented on Fig. 3a as
average values for various line groups for convenience. While
there are many infrared line groups and some in the ultra-
violet, the line contributions are negligible compared to the
continuum. Also, most of the continuum radiation (about
90%) is in the visible and infrared below 6.2 eV; and most
of that is between 2 and 4 eV. At these conditions, this ra-
diation is due to the N 3(1 —) band. In addition, there is some
continuum contribution in the ultraviolet, probably due to
nitrogen free-bound processes and N, Birge-Hopfield bands.

Figure 3b shows the same information as Fig. 3a except
cach line is shown individually. Many of the vacuum ultra-
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violet (VUV) lines above 10 eV are absorbing in their line
centers, but the infrared (IR) lines are essentially transparent
and appear to be strongly emitting. However, line radiation
at this condition is insignificant compared to the continuum
contribution.

As part of this study computations were also conducted
using the QEE model without including molecular LTNE
effects; and the resulting radiative heat transfer result was
8.90 W/cm?. Obviously, molecular LTNE is important at AFE
conditions and leads to lower radiative heating. Examination
of the results indicate that the LTNE induced by chemical
and thermal nonequilibrium drastically reduces radiation from
the N,(1 +) and N,(2 +) bands and significantly decreases that
due to N, Birge-Hopficld. However, N3(1—) is virtually
unaffected by chemical and thermal nonequilibrium phenom-
ena. Thus, on Fig. 3, the primary stagnation point radiation
is in the continuum between 2 and 4 eV and is from the
N3 (1-) band.

At shock speeds below 10 km/s, shock tube radiative in-
tensity photomultiplier measurements indicate a sharp rise to
a peak immediately behind the shock front followed by a
decrease until equilibrium is achieved.! Similar results have
been obtained computationally for nonequilibrium flows for
the visible region of the spectrum assuming the gas to be
transparent.'? Figure 4 shows for the present QEEE model
the variation along the stagnation line of radiative flux towards
the stagnation point, QR+, and its negative derivative,
— D(QR+)/DY. The latter is essentially what Candler' and
others have termed radiation intensity. As can be seen,
— D(QR +)/DY is similar to observed photomultiplier traces
in having a peak near the shock front followed by a steady
decrease towards the wall. For this case, no equilibrium pla-
teau is achieved since the flow never reaches chemical equi-
librium prior to the wall thermal boundary layer. (The oscil-
lations near the wall are an artifact due to significant digit
error resulting from providing the plot routine formatted data.
The actual curve is smooth.) Comparison with the tempera-
ture plots indicates that the “intensity” peak corresponds to
the maximum value in electron temperature, and near the
wall the “intensity” is negative, indicating absorption. How-
ever, as shown by only the slight decrease in QR + , the amount
of absorption near the wall is negligible at these conditions.

High-Speed Mars Return Case

In a recent paper,’ results have been presented for the
stagnation line of a one meter nose radius body at a trajectory
point of 14.5 km/s at 65 km, which is representative of a high-
speed Earth entry return from Mars. These results include
chemical nonequilibrium, thermal nonequilibrium assuming
that the vibrational, electronic, and electron temperatures can
be represented by a single temperature and uncoupled non-
equilibrium radiation. The investigators obtained for this tra-
jectory point an uncoupled radiative heating rate of 1700 Wicm?,
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Fig. 4 Intensity and radiative flux towards stagnation point, AFE
CFD point 4, QEEE model.

a shock standoff distance of 5.7 cm, and a postshock chemical
nonequilibrium zone 1.1 cm thick in which the electron-elec-
tronic vibrational temperature never significantly exceeded
the equilibrium temperature. They also stated that most of
the radiative heating was from the ultraviolet below 2000 A,
that it originated from the nonequilibrium region behind the
shock wave, and that very little was absorbed in the wall
thermal layer. The latter is different from previous beliefs by
some researchers' but is in agrecment with approximate stud-
ies.? In addition, separate results were obtained for the same
case with an equilibrium viscous shock-layer method'* that
used a coupled radiation model similar to RADICAL, and
these predicted a standoff distance of 3.5 cm and a radiative
heating rate of 970 W/cm?.

To investigate these differences, the present model using
the full electron-electronic energy model with LTNE effects
and a partially catalytic wall has been applied to this case;
and temperature and ionization profiles are presented on Fig.
5. Here, the predicted shock standoff distances are 3.92 cm
and 3.67 cm for the radiatively uncoupled and coupled cases
respectively, and most of the shock layer is in chemical equi-
librium. The difference in the standoff lengths between the
present results and the nonequilibrium result of Ref. 13 is
believed to be primarily due to the electron temperature pro-
file and its subsequent effect on chemistry. In Ref. 13 T is
Jow in the region behind the shock front, possibly due to the
combining of electron-electronic with vibrational phenomena.
However, the present results show significant dissociation at
the shock front with diatomic species being insignificant over
most of the shock layer and ionization dominating the chem-
istry. Thus, in the present case the FEE energy model is
strongly influenced by collisional and ionization phenomena,
and T, significantly exceeds the equilibrium temperature in
the nonequilibrium zone. Since the dominant ionization
mechanism behind the shock front is electron impact* which
is governed by free electron temperature, this enhancement
of T. accelerates ionization, shortens the chemical nonequi-
librium zone to about 0.3 cm, and decreases the overall shock-
layer thickness. However, as expected, the present thickness
prediction is greater than that for the equilibrium case dis-
cussed above. It should also be noted that the difference
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Fig. 5 Stagnation profiles at 14.5 km/s, 65 km, Rnose = 1 m. Un-
coupled: QR = 2831 Wiem?, QC = 426 Wicm?, YSHOCK = 3.92 cm.
Coupled: QR = 1347 Wiem?, QC = 430 W/em?, YSHOCK = 3.67
cm.
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between the present results and those of Ref. 13 show the
strong sensitivity of solutions to electron temperature models
at such trajectory points.

Results obtained with the present model predict the stag-
nation point radiative heat transfer for the case without any
radiation gasdynamic coupling to be 2831 W/em?, which is
higher than that of Ref. 13. Comparison of the spectral var-
iation of the stagnation point radiative flux indicates that the
present results have significant radiation above 11 eV, pri-
marily due to free-bound continuum processes, while those
of Ref. 13 have little or no flux in this region. Since both
methods treat lines in detail, and since both have previously
been shown to be in reasonable agreement in the visible and
infrared, it appears that the differences are primarily due to
the treatment of atomic continuum radiation in the vacuum
ultraviolet. It should be noted that the present radiation model
has for equilibrium conditions shown good agreement with
experimental data over the total spectrum.'® Further, the pre-
sent results indicate that most of the radiation originates from
the high-temperature equilibrium portion of the shock layer
in the range 0.4 < y/YSHOCK < 0.9 and not from the post-
shock nonequilibrium zone. In the latter, chemical nonequi-
librium induces extensive local thermodynamic nonequili-
brium and depopulates the excited states rapidly via ionization
with the result that very little radiation originates in the no-
nequilibrium region.

Moreover, the radiation coupled results for this case indi-
cate significant radiation cooling, as evidenced by the decrease
in radiative heating to 1347 W/cm? and by the steady decrease
in temperature and ionization throughout the equilibrium zone.
Further, while the equilibrium coupled prediction for this case
was only 970 W/cm?, it is probable that the difference between
it and the present prediction is due to the influence of reaction
chemistry, differences in assumed wall catalycity, and the
amount of absorption in the wall thermal layer. Basically,
equilibrium chemistry should predict more molecules and,
hence, more absorption. This possibility is supported by the
equilibrium results which indicate that the wall thermal layer
absorbs about 32% of the wall directed flux while in the
present model only about 20% is absorbed. Thus, while most
of the shock layer is in chemical equilibrium, nonequilibrium
effects may still be important and affect the radiative heatings,
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Fig. 6 Coupled stagnation profiles at 12 km/s, 80 km, Rnose = 2.3
m. QR = 24.3 Wiem?, QC = 33 Wiem?, YSHOCK = 11.5 cm.

and, obviously, radiation cooling is important for this case
and needs to be included in an analysis model.

Velocity Effects at 80 km

Results have been obtained using the FEE model for a
2.3-m nose radius vehicle for three different velocities, 12,
14, and 16 km/s, at an altitude of 80 km. These velocities are,
depending upon the trajectory chosen, within the possible
range of entry speeds associated with certain Martian and
Lunar return vehicles.

The temperature and composition profiles for the 12 km/s
case are shown on Fig. 6; and, as shown by the continually
decreasing temperature and the variation in the N* concen-
tration, the entire shock layer at this flight condition is in
chemical nonequilibrium. Immediately behind the shock front,
which is 11.5 cm from the wall, the electron-electronic tem-
perature slowly rises to a peak value and then gradually equil-
ibrates with the heavy particle temperature. In the wall ther-
mal layer, which comprises about 20% of the shock layer,
deionization and recombination processes are important. For
this case, when radiative coupling and LTNE effects are in-
cluded, the radiative heat transfer is 24.3 W/cm? and the con-
vective rate is 33 W/cm?.

The temperature and composition profiles for the 14 km/s
case are shown on Fig. 7. Since the freestream velocity is
higher, the postshock nonequilibrium zone is shorter than at
12 km/s, occupying only the outer 30-40% of the 9.1-cm
shock layer. The electron-electronic temperature rises rapidly
and peaks at a value several thousand degrees above the
equilibrium temperature, and the wall sheath representation
only affects the electron temperature in a small zone near the
wall. For this case the convective heating is 56.4 W/cm? and
the radiative flux is 110.7 W/cm?. Interestingly, especially
when compared to the AFE cases, only about 10% of this
radiative heating is due to molecular processes.

As part of this study, several cases were also conducted at
this condition using the QEEE and QEE energy models; and
the only difference between the models was that the peak in
electron temperature was slightly higher and slightly farther
from the shock front with the exact model than with the
quasiequilibrium models. This behavior has been observed at
freestream velocities of 12 km/s and higher and is in sharp
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contrast to the trends displayed at the AFE velocities. At the
higher velocities there are more electrons, and the flow is
dominated by ionization processes. Consequently, the elec-
tron-electronic energy is dominated by the free electrons. At
the lower AFE speeds, there is very little ionization and the
electronic energy portion dominates the combination. Thus,
the shape and character of the electron temperature proﬁles
appears to be significantly different at the higher velocities
than at AFE speeds.

The spectral variation in radiative heat flux to the wall at
14 km/s is shown on Fig. 8a, where the contributions due to
line and continuum processes have been combined and the
convenient representation of lines as group averages has been
utilized. Here, the heating due to continuum and lines is
similar in magnitude with extensive infrared and ultraviolet
(UV) lines as well as significant VUV bound-free processes.
In fact, only about 28% of the wall flux is from the visible
and infrared below 6.2 eV. Notice that a measurable portion
of the visible radiation is between 2 and 4 eV and is due to
N3 (1—) molecular radiation.

As mentioned previously, the actual radiative transfer anal-
ysis treats lines individually, and Fig. 8b displays the same
information as Fig. 8a but with each line shown separately.
From this representation, it is evident that in the visible and
infrared the line radiation is primarily transparent. However,
in the VUV, many of the line centers are highly absorbing,
and careful examination of the spectral distribution shows that
most of the line emission reaching the wall originates from
the line wings.

In contrast to results below 10 km/s, shock tube photo-
multiplier results at higher speeds show that the radiative in-
tensity peak behind a shock front changes from a single peak
to a double hump peak system.!'" Experimental spectral data
indicates that the first is due to molecular radiation near the
shock front, while the second is atomic radiation coupled to
the ionization process. Figure 9 shows for the 14 km/s con-
dition theoretical predictions of the radiative flux towards the
wall, QR +, and the negative of its derivative, — DOQR(+),DY.
As discussed previously, the latter is closely related to radia-
tive intensity.

The present profile clearly exhibits this double hump be-
havior. The first peak corresponds to the maximum value of
the electron temperature, while the second occurs at the onset
of therma! equilibrium and the establishment of near Boltz-
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Fig. 8 Spectral variation of stagnation radiative heat transfer, 14
km/s, 80 km.

mann distributions in the excited states. Subsequently, radia-
tive cooling occurs and the “intensity” rapidly decreases. Dur-
ing this period, examination of the species concentrations and
of LTNE phenomena indicates nonequilibrium recombination
is induced with resultant overpopulation, compared to a
Boltzmann distribution, of the excited states. Around
yIYSHOCK of 0.3 the flow begins to absorb more than it
emits and QR + begins to decrease. However, as shown by
the QR + profile, which only decreases slightly betwcen 0.3
and the wall, the absorption in the wall thermal layer only
results in a mild decrease in QR+ at this condition.

The temperature and composition profiles at 16 km/s are
shown on Fig. 10, and the corresponding predicted radiative
and convective heating rates are 272.6 and 87.3 W/cm?, re-
spectively. Here, the electron temperature rises very rapidly
and peaks near 20,000 K, confirming the trend that as speed
increases, the peak electron-electronic temperature increases
in magnitude and occurs nearer to the shock front. Likewise,
again due to the increase in velocity, the nonequilibrium zone
is shorter at about 20-25% of the 7.5-cm shock layer. Finally,
on Fig. 10 notice that radiation cooling effects induce both
atomic and ionic recombination starting near the end of the
postshock nonequilibrium zone and continuing all the way to
the wall.

The effect on the temperature and ionization profiles of
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Fig. 9 Intensity and radiative flux towards stagnation point, 14 km/s,
80 km.

‘10"

10

SPECIES
O= N
o= N2
& = N+
+t=@e
X = N2+

50 02 04 06 o8 10
YYSHOCK

MOLE FRACTION
10" 10

10"

Fig. 10 Coupled stagnation profiles at 16 km/s, 80 km, Rnose = 2.3.
@R = 273 Wiem?, OC = 87.3 W/em?, YSHOCK = 7.5 cm



398 GALLY AND CARLSON: CHEMICAL AND RADIATION COUPLING

‘10
A0

3o

L

T and Ta (deg K)
20

0 Uncoupled
o Correcled

S,
g 68— 886§
4
° o
=5 °
g [ o
[ ]
5 o
2, g% e e
&7 2
o
S e s i . .
00 02 04 06

YAYSHOCK

Fig. 11 LTNE and coupling effects at 16 km/s and 80 km.

including radiative gasdynamic coupling in the flowfield and
local thermodynamic nonequilibrium effects in the radiation
is shown for the 16 km/s case on Fig. 11. The curves denoted
“Uncoupled” do not include either radiation cooling or LTNE
phenomena and indicate for this case that nominally the non-
equilibrium post-shock zone and the wall thermal layer each
affect about 20% of the shock layer. For this case, the shock
standoff distance is 8.16 cm. However, when radiation cou-
pling is included but LTNE is excluded, the shock-layer thick-
ness is reduced to 7.15 cm due to the lower temperature and
increased density. The resultant profiles, designated as “Un-
corrected,” show that without LTNE effects significant cool-
ing occurs in the nonequilibrium region with corresponding
decreases in the electron and heavy particle temperatures and
in the apparent length of the relaxation zone. Further, radia-
tive losses through the shock front from the high-temperature
nonequilibrium zone reduce the total enthalpy 40%, which
leads to a cooler equilibrium zone having less than half the
ionization of the uncoupled case.

Fortunately, when both radiation coupling and LTNE ef-
fects are included, the radiative losses are much less. As shown
on the curves denoted as “Corrected,” the corresponding
temperature and ionization variations in the nonequilibrium
post-shock region are only slightly affected since in that region
the radiative losses are low due to LTNE effects. However,
once equilibrium is nearly established around 0.8, radiative
cooling becomes the dominant feature, the temperature stead-
ily decreases, and the degree of ionization rapidly decreases.
Obviously, at these conditions both LTNE phenomena and
radiation coupling are important and need to be included.

A graphical summary of the 80-km radiative heating resuits
is presented as Fig. 12, and several interesting features are
evident. First, the inclusion of LTNE significantly affects the
predicted radiative heat transfer at all three flight velocities,
independent of whether or not radiative coupling is included.
Second, the amount of radiative cooling is lower in the LTNE
corrected predictions as compared to the local thermodynamic
equilibrium (LTE) uncorrected flows; and, third, when both
phenomena are properly included, radiative cooling ranges
from relatively minor at 12 km/s to significant at 16 km/s.

Finally, for all three flight velocities, the predicted radiative
heating is significant compared to the convective heating, and
in the 16 km/s case the radiative heating is about three times
the convective value. Since it is anticipated that advanced
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heat shield materials can withstand 70 W/cm? without ablat-
ing, these results indicate that at 80 km nonablative heat
shields possibly could be used up to about 12.5 km/s.

Altitude Effects at 16 km/s

In order to investigate altitude effects and to use the model
under a situation on a vehicle where most of the shock layer
is in equilibrium, results have been obtained for the 2.3-m
body at 16 km/s at 75 and 72 km as well as at 80 km. Since
the resultant profiles do not exhibit any new phenomena, they
are not shown. However, as the pressure increases with de-
creasing altitude, the postshock nonequilibrium chemical re-
laxation zone decreases significantly so that by 72 km it only
encompasses about 5% of the shock layer. At that condi-
tion, the present model predicts a shock layer thickness of
7.05 cm, and radiative and convective heating rates of 1064
and 209 W/cm?. Also, since the extent of nonequilibrium de-
creases with altitude, LTNE phenomena decrease and have
a minor effect on the coupled radiative heat transfer predic-
tions by 72 km. However, as shown on Fig. 13, radiative
coupling/cooling is important at all three altitudes and in-
creases as altitude decreases. Interestingly, the coupled results
at 72 and 75 km, which have nearly equilibrium shock layers,
are in excellent agreement with the equilibrium radiative heat-
ing predictions of Ref. 17. However, the present nonequili-
brium radiative predictions at 80 km are higher than the equi-
librium values of Ref. 17 at both 14 and 16 km/s.

Conclusions

In this paper a viscous shock layer engineering flowfield
mode! suitable for analyzing the stagnation region of high-
altitude entry vehicles having extensive chemical and radiative
nonequilibrium has been applied to a variety of cases including
two AFE trajectory points, a condition representative of the
high-speed return from Mars of a small vehicle, a series of
points at 80 km for velocities 12 to 16 km/s, and a study of
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the effects of altitude at 16 km/s. Based on these results the
following conclusions can be stated:

1) Shock slip phenomena are important at all conditions
investigated.

2) Radiation cooling/coupling is important for many cases.
Specifically, a) it is a minor effect for the AFE conditions
investigated; b) at 80 km, it is small at 12 km/s, important by
14 km/s, and very significant at 16 km/s at all altitudes; and
¢) it is very important for the high-speed Mars return case.

3) Radiation heat transfer should be included and varies as
to spectral origin. Specifically, a) for the AFE, radiation,
while small, is important and primarily molecular, [N3(1 —)}.
b) At 12 km/s and above radiation is a significant portion of
the total heating and is primarily due to atomic processes. By
14 km/s it is the dominant heating mechanism.

4) Local thermodynamic nonequilibrium is important and
should be included in all models. In addition, a) LTNE de-
populates the excited states of atoms and N, molecules in the
postshock nonequilibrium region. b) LTNE can lead to an
overpopulation of excited states in regions of radiative cooling
and in the wall thermal layer. ¢) N3(1-) is relatively un-
affected by LTNE. d) The importance of LTNE is independ-
ent of radiative coupling. ¢) The inclusion of LTNE reduces
the magnitude of radiation cooling effects.
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Flowfield Coupled Excitation and Radiation Model
for Nonequilibrium Reacting Flows
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A second-order method has been developed to correct a radiative transfer analysis for possible local ther-
modynamic ronequilibrium effects. This method uses a two-species excitation model for nitrogen with chemical
reaction rates obtained from the detailed atomic transition method of Kunc and Soon. Results obtained from
this new method show more atomic line radiation than the authors’ previous first-order method. As improvements
to the flowfield representation used in the computations, a full three-temperature energy model and a recently

developed multicomponent diffusional model have also been incorporated.

Nomenclature
B, = blackbody function
¢ = speed of light
¢, = specific heat at constant pressure
E = electronic state energy level
E, = integro-exponential function of order n
€ = energy per unit mass
g = degeneracy
h = enthalpy per unit mass
I = jonization energy
K = absorption coefficient
k = Boltzmann constant
m = particle mass
N = number density
p = pressure
Q = electronic partition function
Q. = electron translational partition function
g, = radiative heat flux
r = wall reflectivity
S = source function
T = temperature
t = time
U = diffusion velocity
u/ = mass-averaged velocity components
x/ = coordinate axis
¢ = wall emissivity
71 = heat conduction coefficient
v = frequency
p = density
o = radiative cross section
7 = relaxation time
7, = optical thickness
Subscripts
e = electron-electronic
f = forward rate (production)
pc = continuum process
pq = line process
r = reverse rate (depletion)
s = species
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sh = value at shock
tr = translational
v = vibrational

w = value at wall
v = frequency

Introduction

GREAT deal of interest has been placed recently on the

design of aerobraking vehicles for use with both inter-
orbit maneuvering and interplanetary. deceleration. In partic-
ular, a major goal of such experimental projects as the aeroassist
flight experiment (AFE) is the development of the compu-
tational tools for the accurate prediction of the aerodynamic
environment which determines the heating and controllability
of such vehicles. Both low-speed interorbit and high-speed
interplanetary missions will spend the aerobraking portion of
their trajectories at very high, low-density altitudes where
previously developed space vehicles spent only short dura-
tions. Thus, the computational aerodynamic tools to be used
must correctly handle the chemical, thermal, and radiative
nonequilibrium phenomena associated with low-density flows.

Previous work!2 concentrated on some aspects of the non-
equilibrium nature of aerobraking flowfields. For example,
the primary topic of discussion in Ref. 1 was electron-impact
ionization rates. This chemical rate is important in both de-
termining the amount of chemical nonequilibrium in the flow
and in calculating the electron temperature T,. Existing rates
in the literature varied over several orders of magnitude with
accompanying differences in 7, profiles and wall radiative
heating rates, which is a strong function of T,. In Ref. 2, the
effects of thermodynamic nonequilibrium on the magnitude
and nature of the radiative environment was investigated.
Comparisons were made with the FIRE II flight test mea-
surements, and a wide range of possible mission profile ton-
ditions were investigated. :

A number of topics for future work were identified from
the previous work. First, a two-temperature, T,, and T, model
had been used exclusively in Refs. 1 and 2, in which it was
assumed that T, = T,. This model is probably accurate for
the higher speed conditions above 12 km/s where the flow is
ionization-dominated and few diatomic particles exist. How-
ever, at the lower speeds and particularly for the speeds as-

sociated with the AFE vehicle, the flowfield is dissociation-
dominated; and the inclusion of a separate vibrational energy
equation can be expected to affect the total results. In ad-
dition, electron-vibrational coupling will affect the predicted
T, profile and, therefore, the radiative environment. Second,
diffusional phenomcna seemed to significantly affect chemical
nonequilibrium and also the extent of atomic thermodynamic
nonequnhbnum Smce thc dlffusmna] model that was then
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being used was felt to be inadequate, a more complete model?
has recently been incorporated into the flowfield solution.
Finally, a new atomic local second-order thermodynamic non-
equilibrium mode! was conceived, which is a compromise be-
tween the simple and fast method used previously and the
complex methods used by other authors.

Problem Formulation

The computational model used in this report is an extension
of the coupled viscous shock layer {VSL) and radiative trans-
fer method described in detail in Refs. 1 and 2. The VSL
portion of the code originated as the VSL3DNQ code* de-
veloped at NASA Langley. After modifications were made
to the thermodynamic and transport coefficient calculations
and multitemperature effects, T, and T,, were included, the
flowfield was iteratively coupled with the radiative transfer
model of Nicolet® in a manner which included chemical and
local thermodynamic nonequilibrium (LTNE) phenomena.

Three additional modifications have been made for this
article. First, a vibrational energy equation has been added
for the calculation of a third temperature, T,, which describes
the average vibrational energy state of all the diatomic species.
Second, a new diffusional model has been developed to im-
prove the calculation of the diffusional fluxes of mass and
energy. Finally, to improve LTNE predictions, second-order
radiative correction factors similar to those used in Refs. 1
and 2 have been developed for a two-step excitation model
for atomic nitrogen.

Vibrational Temperature Model

The vibrational energy equation added to the VSL calcu-
lations has the following form for simple Cartesian coordi-
nates:

T, @
e, o 5( ax') * z U

+§P:AM+2AM

s s Tes

ap, 3p,
E) (3{)/ - Z (e, — Gy (E) #9)]

In this equation, ¢, is the frozen vibrational specific heat
at constant pressure calculatcd from the species specific heats
by Z, ¢, .p./p; and the vibrational temperature T, represents
the average vibrational energy of all the diatomic species.
While multiple vibrational temperatures are often used, one
for each vibrating species, it can be argued¢ that the vibra-
tional-vibrational energy exchange rates are not well modeled

+ 2 (e, -

by available methods; and, thus, results with multiple vibra-

tional temperatures may not be meaningful. In addition, for
the results with a nitrogen-only gas presented in this report,
there is only one dominant vibrator, N,, the vibrational con-
tribution from N7 being small.

The translational-vibrational energy exchange model used
is a modification of the nonpreferential CVDV model de-
scribed in Refs. 7 and 8. The terms involved with the T,, —
T, coupling model are the third, fifth, and sixth on the right
side of Eq. (1). The differences from the CVDV ‘model first
occur, in the calculation of the relaxation time 7,. This relax-
ation time is that proposed by Park® which sums the relaxation

time of Millikan and White,'® +#%_ with a high temperature

correction factor such that
7, = ¥ + (e, o,N)

where ¢, is the average species molecular speed and o, is a
limiting cross section calculated by'!

= 10-'7(30,000 K/T,,)*ecm?

The second modification, also suggested by Park,!! is the
inclusion of the multiplier A on the third right-side term of
Eq. (1). This multiplier attempts to correct the original Lan-
dau and Teller relaxation rate for high temperature diffusive
effects and has the form
T T [3.5 exp{ - 5000 K/T,)-1]

o ffwesh T 2
A= IT T..

tr.sh T

The electron-vibrational energy exchange is accounted for
by the fourth right-side term of Eq. (1) and is taken from the
work of Lee!* as curve-fitted by Candler and Park"?

log(p.7.) = 7.50(log T,y — 57.0log T, + 98.70
for T, < 7000 K, and
log(p,7) = 2.36(log T,)* — 1791log T, + 24.35

for T, = 7000 K.

Lee suggests a correcting factor for the electron-vibrational
relaxation similar to the factor A used for translational-
vibrational relaxation. As with the translation-vibrational re-
laxation factor, this term is intended to increase the relaxation
time or decrease the amount of coupling between the electron
energy and vibrational energy. Unfortunately, the form of the
correction developed for the case was T, and T,, and being
far apart initially has the opposite effect for our conditions
where T, and T, are initially close together in value behind
the shock. For this reason, the suggested correction has not
been included in the present model and the calculated results
may tend to show too much electron-vibrational coupling.

The electron-vibrational coupling factor must also be in-
cluded in the electron temperature equation, which for this
article is the full electron/electronic energy equation described
in Ref. 2. The electron/electronic energy equation is similar
in form to Eq. (1) and includes the effects of conduction,
convection, diffusion, chemical energy depletion, heavy par-
ticle-electron translation coupling, and now electron-vibra-
tional coupling.

Second-Order Atomic LTNE Model

The flowfield solution is coupled with the radiative trans-
port package of RADICAL? developed by Nicolet. The meth-
ods used by Niclolet assume that the electronic states of the
radiating species are in local thermodynamic equilibrium (LTE)
with each other and that their populations can be described
by a Boltzmann distribution. A technique was previously
developed!- for correcting the RADICAL calculations to ac-
count for LTNE in both the atomic and molecular state pop-
ulations.

The molecular electronic states populations are calculated
using a quasisteady approach similar to that described in Ref.
11; and from these, LTNE population correction factors for
the principle molecular radiation bands are obtained. Specif-
ically, correction factors are determined for the N, Birge- -
Hopfield, first-positive, and second-positive bands, and for
the N3 first-negative band. Reference 2 should be consulted
for more detail.

Also discussed in Ref. 2 is a first-order atomic LTNE ra-
diation correction. This model is predicated on the observa-
tion that for many monatomic gases, including argon, nitro-
gen, and oxygen, there exist one or more low-lying ground
energy states separated from the lowest excited energy state
by an energy jump which is a large fraction of the ionization
energy from the ground state. The model assumes that the
excitation jump from ground to first excited state controls the
ionization process, and that the excited states, because of their
proximity in energy to the ionized state, are in equilibrium
with the free electrons and ions. With this approach, the
atomic nitrogen LTNE correction factor,!*' which repre-
sents the ratio of the actual population in an excited state to
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that which would exist for a Boltzmann distribution, can be
written as

Ny.N.Q exp(169,000 K/T,)
NaQn Q.

The above assumptions and resulting approximation are
extremely simple to calculate and implement. At the other
end of the spectrum are the methods of Park? and Kunc and
Soon's which handle possible LTNE effects by performing
detailed state population calculations under the quasisteady
assumption. Park’s and Kunc’s methods differ in the treat-
ment of the free electrons and ions; Kunc and Soon allow the
free ions and electron populations to be determined as part
of the solution, allowing LTNE to occur only as a consequence
of radiative state depletion, while Park uses the ion and elec-
tron population calculated from the flowfield solution, allow-
ing nonequilibrium chemistry to affect bound state popula-
tions. Either way, the detailed methods are computationally
intensive and are not suitable for a radiative coupled solution
if computational usage is a consideration.

After extensively reviewing the work on argon of Foley and
Clarke! and Nelson,!” and the air and nitrogen work of Park.?
Kunc and Soon,!® and others, it was decided to develop a
second-order LTNE model for high-temperature nitrogen by
subdividing atomic nitrogen into two species. The first, termed
N,, for N ground, represents the nitrogen atoms in the first
three low-lying electronic states of nitrogen. The second, termed
N* or N-excited, represents those nitrogen atoms populating
the remaining upper electronic states. The relative densities
of these subspecies will then be determined by appropriate
reaction rates between themselves, N+, ¢~ etc., and the elec-

tronic states of each are assumed to be in LTE. It is believed -

that this approach has the potential to be a significant im-
provement over the present model in that it will allow  finite
rate of ionization from excited states while retaining the fun-
damental two-step ionization process. In addition, by deter-
mining the excited state number densities directly from the
flowfield computation, the appropriate atomic LTNE factors
are directly obtainable and more accurate.

The thermodynamic state of the two species, N, and N*,
are determined by the standard methods used for monoatomic
gases

3
QN‘ = z‘ gp exp( - Ep/kre)
=

On- = 2, & expl~(E, ~ EJ/KT]
~

On = QN, + Qun- exp(— EJKT,)

3
hN = ék_T + 1 2 ngP CXP(_Ep/kTe) + h:‘,

t 2my mNQN‘p=1

5kT 1 =
.= o— 4 E - E,
N 2 my My Q- ,,24 g,,( i )

-exp[—(E, — E)kT,) + k3.

where the zero point energies are, h}’,,‘ = hY = 3.36 x 10"
erg/lg and hy. = hy, + EJmy = 105 X 10'2 erg/g. The
collision cross sections for both species, needed to calculate
viscous transport properties, are assumed to, be the same as
for the original gas, N.

As mentioned earlier, new reactions must be specified to
relate the two new species, N, and N*. These reactions are

N, +e” =N"+e¢~
N, +e” =N + 2"

N* +e- =N +2°

10 “f
10 ll[ excited ~ continuum

10 o
=Rl 4

ground — exclted

ground - continuum

» i 1 _J
10060 12000 16000 70000
TE

Fig.1 Excitation and ionization rates for nitrogen-electron collisions.

It was decided to use the method for calculating detailed
excitation rates given in Ref. 15. A computer program was
written which calculated the individual rates for each allowed

transition process and computed effective rates for the above .

reaction equations, assuming local thermodynamic equilib-
rium exists between the excited states grouped into each spe-
cies. Results were obtained -for a number of electron tem-
peratures and then curve-fit as shown in Fig. 1. These rates
are part of the complete chemical reaction set shown in Ta-
ble 2.

The radiative transport model must also be modified to
account for the LTNE populations of N, and N* relative to
each other. Under the assumption of a radiating tangent slab,
the heat flux to a surface can be calculated as, assuming a
nonemitting precursor

g0 = 2 [ sgnte, ~ TSE - )

- 2Ey(r)m [st,_.. -2, L Ex1.)S. dt,]
where 7, is determined by -

T, =I K, dy
[+

The absorption and source functions used in these expressions
are the sum of all radiative contributions at v.

Absorption coefficients derived from either theory or ex-
periment are normally expressed as the product of the ab-
sorbing state number density and a radiative cross section

K

. . = Nyo,v)
or by assuming a Boltzmann distribution exists between the
electronic states

g e~ 5T

wgus=mi€ii~vgw]=Mwuw

Thus, an absorption coefficient using the actual state number
density N, can be obtained from one calculated assuming LTE
by

K, = e (k)
Yo ( Np) LTE Yo LTE

where
NP = Nn QN
(NJure Ny g~ F/*Te
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It is desired to have the LTNE corrections in terms of the
known number density populations, N, and N*. If state p is
one of the low-lying states, and since we have assumed these
states are in LTE with each other

gpf_EPlkT
N =N
P £ QN!
N, MOy M
N~ Nu Ox,  (Neore

Similarly, if p is one of the excited states
Np = N‘{gpexp[_(Ep - EA)/kTE]/QN‘}

N, _Ne  On _ Ne
(No)Le Ny QOn-e™ BT (Nuure

The absorption coefficient for atomic line radiation is sim-
ilar in form to that for the continuum process, but uses a
radiative cross section which i1s a function of both the ab-
sorbing, p, and the emitting state, g

K., = N,0,,(»)

However, since the number density dependence is only with
the absorbing state, the LTNE corrections described above
for continuum radiation also apply to the line radiation.

The source function at thermodynamic equilibrium is equal
to B,

2hy3
CZ

(Sv,,)LTE = (SVN)LTE =B, = e —1)

The source function for atomic continuum processes under
LTNE conditions is given by'1?

_We2mA [ ()]
e N, ¢ N

P P

_W)e__emro1 o
N, &"*Tc = [(N,)e/N,] /LTE

where the subscript E indicates a number density for state p
calculated by assuming that state is in thermodynamic equi-
librium with the free electrons and ions. Thus, if [ is the
ionization energy

(No)e = NN, {gp exp[—(E, — I)kT]IQn.Q}

- It can further be observed that when p is a low-lying state

e" T >> (N,)¢/N, and e***7. >> 1 while for the highly
excited states, ( )E/N = 1. Thus

ve = [(N)EINI(S, e

As before, the LTNE correction can be written in terms of
the known number densities so that if p is one of the ground
states

(Np)E _ NN.N( QNxel/kT}

N Ne

Id

_ (M)e
QN i Qc NN

r 3

while if p is an excited state

_ (Ma)e

(No)e _ Nu-N, On-expl/ ~ EKT] _
O.-0. N

N No

I3

The source function for the radiative transition from state
g to state p under LTNE conditions is'®:°

-1
- e ()
o N, (N ¢ N, (N e

_ N, (N T — ] )
TN, (Nae 4T — (NIN(N,)re/(N, o] e

If the transition is between two excited states, since it has
been assumed that these states are in thermodynamic equi-
librium, the LTNE source function becomes identical to that
for LTE. If the transition is between an excited state and a
ground state, it can be approximated that e"**7. >> 1 and
e Te >> N (N,) re/N,(N,) e so that it is approximately
true that

Ny (No)ure
S, = S,
R R S Jure
. (N
_ Ny (Ny)Lre (SuN)LTE

Ny, (Nedore

Discussion of Results

Several sets of results have been obtained using the models
presented in the previous sections. In all cases, these results
are for the stagnation streamline on a vehicle having a 2.3-m
nose radius, utilize 99 points between the wall and shock front,
and use a nitrogen freestream. For those cases which assume
that excited electronic states are in equilibrium with the free
ions and electrons, the nonequilibrium chemistry is shown on
Table 1. For those cases utilizing the second-order local ther-
modynamic nonequilibrium model for atoms, the correspond-
ing nonequilibrium chemistry model is shown on Table 2. In
addition, the wall has been assumed to be radiatively black,
noncatalytic to atomic recombination, fully catalytic to ionic
recombination, and at a temperature of 1650 K. This wall
temperature was selected to insure significant cool wall ther-
mal effects and is representative of the maximum temperature
of nonablating surfaces. However, it is recognized that for
the higher speed case considered, the cumulative head load
associated with the mission profile dictates the use of ablative

Table 1 Reaction system for first-order LTNE model

Reaction A B E
N.+ N=2N+ N 4.085 x 10™ -1.5 113,100
N, + N, =2N + N, 4.70 x 10" -0.5 113,100
Ny, + e =2N" + e~ 3.00 x 10* 1.6 113,100
N, + N* =N; + N 1.00 x 10* 0.5 12,200
N+N=N3 +e- 1.40 x 10 0.0 67,800
N+e  =N*+ 2" 4.16 x 10V 0.5 120,000
N+N=N+N"+e" 2.34 x 10Y 0.5 120,000
N+ N* =2N" + e~ 2.34 x 10" 0.5 120,000

Ratesin the formk, = AT®exp(—E/T). T = T, inelectron impact reactions. -

Table 2 Reaction system for second-order LTNE model

Reaction A B E
N, + N=2N, + N 4.085 x 10> -1.5 113,100
N, + N; = 2N, + N, 4.70 x 10" -0.5 113,100
N, + N* = 2N, + N~ 1.90 x 10'7 -0.5 113,100
N, + e~ =2N* + ¢~ 3.00 x 10* -16 113,100
N, + N* = N3 + N, 1.00 x 10% 0.5 12,200
Ne+ N, = N3 +e~ 1.40 x 10" 0.0 - 67,800
N+ N=N+N"+e¢~ 2.34 x 10" 0.5 120,000
Ne+ N* =2N" + e~ 2.34 x 10" 0.5 120,000
N, +e” =N+ 2" 2.50 x 10 0.0 169,000
Ne+e™ = N* +7¢- 5.56 x 10'° 0.0 121.000
N* + e~ = N" + 2" 4.11 x 107 0.0 48,900

Rates in the form k; = AT5 exp( - E/T).
tions. N = N, + N°.

T = T, in electron impact reac-
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surfaces and higher wall temperatures. Finally, an approxi-
mate boundary condition representing the wall sheath effects
on electrons has been utilized as discussed in Ref. 2. Since
the VSL flowfield method uses shock fitting, shock slip bound-
ary conditions have been used for all cases in order to properly
conserve total energy.

To investigate the thermal, diffusion, and radiation models,
two entry conditions have been considered. The first, some-
times referred to as “AFE CFD Point 4,” corresponds to a
“max Q” point for an AFE vehicle at which the freestream
conditions are 9.326 km/s, 26.4 dyne/cm’®, and 200 K; while
the second point is for the same vehicle but at 14 km/s and
80-km altitude. The latter is typical of a Mars return vehicle
at an altitude where nonequilibrium phenomena could be
significant. All of the 14 km/s cases considered were calcu-
lated with radiative-gasdynamic coupling included. Since the
AFE cases do not have significant radiative coupling, the
radiation calculations have been made from the converged
solutions. All radiation calculations have been made with LTNE
effects accounted for using the molecular model, and either
the first- or second-order atomic models described previously.

Thermal Nonequilibrium Model

All the results presented in this section were calculated
using the constant Lewis number (1.4) diffusional model from
Miner and Lewis?® and the chemical reaction set of Table 1,
while radiative LTNE effects were calculated using the first-
order model. As a result, the results in this section are com-
parable to the results presented in Ref. 2, with the important
distinction that the two-temperature model used previously
assumed T, = T,,, while the cases labeled as two-temperature
in this article assume T, = T,.

The first results presented in Figs. 2 and 3 were obtained
using a two-temperature model wherein the electron/elec-
tronic and vibrational energies are assumed to be highly cou-
pled and in equilibrium with each other.!! This effect was
achieved computationally by summing the two equations term-
by-term and solving together. An alternate and, at least the-
oretically, identical approach could have been achieved by
solving the original equation set, while forcing the electron-
vibrational relaxation times 7, to approach zero.
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Fig. 2 Stagnation profiles for AFE CFD point 4 two-temperature
model, QR = 2.51 W/em?, @C = 27.6 Wicm?, YSHOCK = 3.1 cm.

Figure 2 shows that the AFE CFD 4 case is in chemical and
thermal nonequilibrium for almost the entire shock layer and
that the chemistry is dissociation dominated, the ionization
level being very low. The thermal nonequilibrium is partic-
ularly interesting in the region of the wall where T, — T,
exceed the heavy particle translational temperature. In the
wall region, both the ionic and atomic recombinations are
dumping energy into the electroh and vibrational energies,
respectively. It is assumed! that ionic recombinations occur
primarily by the reverse of the electron-impact ionization re-
action and that each recombination adds [ to the electron
translational energy, while the CVDV model’# assumes that
each atomic recombination adds G, — e,, = D,/2 — ¢, to
the vibrational energy of species s. Since T, — T, exceeds T,
in the wall thermal layer, it follows that either or both of the
recombination reactions is adding energy faster that the trans-
lational-vibrational and translational-electron exchange pro-
cesses can remove it. The maximum value reached by the T,
— T, temperature was 8515 K at y/yshock = 0.83.

Unlike the AFE CFD 4 case, the 14 km/s case shown in
Fig 3. shows a pronounced peak in the T, — T, profile of
about 17,000 K at 0.83. Both thermal and chemical equilib-
rium occur for this case at about 0.70, although, due to ra-
diative cooling, the temperature continues to drop after this
point along with gradual changes in the chemical composition.
While the AFE CFD 4 point was dominated by dissociation,
at this speed dissociation occufs very rapidly behind the shock
front and ionization processes dominate most of the flow,
reaching a peak degree of ionization of about 35%.

Results with the full three-temperature model without elec-
tron-vibrational coupling are shown in Figs. 4 and 5. These
cases represent the other extreme relative to the two-tem-
perature cases since there is no direct energy exchange mech-
anism between the electrons and the vibrational states. In-
directly, some energy exchange still occurs through the coupling
ofboth T,and T, to 7,,.

Comparing the three-temperature results of Fig. 4 with the

two-temperature results of Fig. 2, it is seen that except for a -

greatly different T, profile, the profiles are very similar. The
vibrational temperature does peak a little sooner and higher
at the shock front for the three-temperature model, 9100 K
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Fig. 3 Stagnation profiles for 14 km/s case two-temperature model,
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Fig. 4 Stagnation profiles for AFE CFD point 4 three-temperature
model, without T, — T, coupling, QR = 1.02 W/cm?, 9C = 26.0
W/em?, YSHOCK = 13.1 cm.

at 0.91, but has the same profile over the rest of the shock
layer, including the overshoot in the thermal boundary layer.
Without T, coupling, this high T, indicates that energy pro-
duction due to atomic recombinations is significant in the wall
region, as has been seen by other investigators.?! As a result
of electron energy depletion through electron impact ioni-
zation, the electron temperature is much lower behind the
shock front for this model than before, which results in a
much lower radiative heat flux. Also, the lower electron tem-
perature and its effect on the electron impact ionization rate
increases the amount of chemical nonequilibrum at the shock
front, and in turn, slightly increases the shock standoff dis-
tance.

As can be seen from the T, profile, a shock slip condition
was not enforced for the electron/electronic equation. Nu-
merical problems with the slip boundary condition, coupled
with the small magnitude of electron number density, have
not yet been resolved. This omission, however, does not have
a significant effect on the other flow properties since the elec-
tron heat conduction is very small at the shock and also does
not have a strong effect on the T, profile itself. The electron
temperature solution appears to be uncoupled from the shock
boundary condition. This result is consistent with the quasi-
equilibrium electron formulation previously used by the
duction and collisional energy transfer dominate the other
terms in the electron energy equation, and that T, is primarily
determined by the balance of the two.

The 14 km/s case shown in Fig. 5, when compared with
Fig. 3, shows the exact opposite trends as were noticed for

the AFE CFD 4 case. The T, profile is very similar in shape

to the T, — T, profile, while T, is greatly different. The
vibrational temperature peaks much higher, 23,000 K at 0.86,
and equilibrates sooner with T, due to high translational
coupling. T, peaks oaly slightly lower at 16,900 K and 0.82,
and as a result there is a shghtly lower radiative flux.

In the thermal layer, the three-temperature 7, initially dips
below T, before rising above near the wall as in the two-
temperature case. Without electron coupling, diffusive effects
in the thermal layer are important in the vibrational energy
equation, and the flux of cool N, particles away from the wall
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Fig. 5 Stagnation profiles for 14 km/s case three-temperature model,
without T, — T, coupling, QR = 98.2 W/am?, 0C = 61.2 W/em?,
YSHOCK = 9.77 cm.

lowers the vibrational energy until the atomic recombination
reactions occur rapidly enough to raise 7. This diffusive cool-
ing effect was not seen in the AFE CFD 4 case due to the
lower concentration gradients in N, and thus lower diffusive
fiux. The electron temperature in the thermal layer shows the
same trends as were noted for the two-temperature case.

Figures 6 and 7 show results for the AFE CFD 4 and 14
km/s cases, respectively, where the three-temperature model
is used with electron-vibrational coupling, as described pre-
viously in the theory section. As might be expected, these
results are in-between the two extreme cases of the two-tem-
perature model and the three-temperature model without T,
— T, coupling. In the AFE CFD 4 case, the electron tem-
perature has been increased toward T, in the shock front,
equilibrates with it around 0.70, and stays in equilibrium through
the rest of the shock layer except for a slight divergence im-
mediately off the wall. The higher T, profile results in a factor
of two larger radiative flux than the uncoupled T, — T, case,
but it is still lower than the two-temperature case.

For the 14 km/s case, T, — T, coupling lowers the vibra-
tional temperature in the shock front region (from a peak
value of 23,000 K to 22,200 K) while slightly raising the T,
profile, and reduces the amount of diffusional cooling of T,
in the wall thermal layer. Percentage-wise, the two-temper-
ature assumption has a slightly greater effect on the radiative -
flux for the lower speed case than the higher, 30% compared
to 20%. The percentage differences would be further apart
for the two cases if it were not for the fact that LTNE cor-
rections tend to reduce the amount of radiation from the
thermal nonequilibrium regions.

Second-Order Atomic LTNE Model

The results in this final section are cases which used the
full diffusional model of Ref. 3, the chemical reaction rates
of Table 2, and the second-order atomic LTNE model dis-
cussed in the theory section of this article. Results obtained
using full diffusional model do not differ significantly from
those from the binary model in a nitrogen freestream?® and
should not effect the following observations. The AFE CFD 4
results shown in Fig. 8 are very close to the previous results
shown in Fig. 6. The only significant difference is in the N+
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and N3 profiles at the shock front. The new rate for excitation
of N is faster than the rate in Table 1 which leads to a faster
total ionization rate even though the ionization from the ex-
cited states is not infinite. As a result of this faster ionization
rate, there is a higher concentration of N near the shock;
and as a result of the charge exchange reaction and ambipolar
diffusion effects, the higher N+ concentration in turn slightly
lowers the N3 concentration. The calculated N* population
is very low and closely follows the 7T, profile in detail as can
partially be scen from the figure.
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Fig. 8 Stagnation profiles for AFE CFD point 4 second-order LTNE
model, QR = 2.38 W/em?, OC = 27.8 W/em?, YSHOCK = 13.1cm.

This case can also be compared to the similar case results
presented in Ref. 2. The total radiation calculated in Ref. 2
is lower than the current results, due primarily to a lower T,
temperature calculated by the quasiequilibrium electron/elec-
tronic energy equation used in Ref. 2. The radiative spectral
differences between the previous case and this present case,
however, should be due to the differences in the first- and
second-order LTNE correction methods. The radiative spec-
tral details of the radiation reaching the wall for the AFE
CFD 4 case are shown in Fig. 9 in two forms; the first shows
the atomic line radiation having been grouped into:convenient
blocks while the second shows the atomic lines in full detail.
Having the lines grouped gives a better visual description of
the magnitude of the relative radiative process, whereas the
detailed presentation bears more similarity to experimental
results. i S

While the radiation shown in Fig. 9 is still dominated by

the N3 (1-) molecular band in the 2-4 eV range, these new
results show a much larger contribution from atomic lines in
both the infrared (IR) and ultraviolet (UV) regions, especially
in the IR region. In fact, the first-order LTNE results from
Ref. 1 showed almost no atomic radiation at all due to the
large region of LTNE predicted for this case. The second-
order LTNE mode!l predicts less LTNE for line radiation since
the excited atomic electronic energy states are not as depleted
as before.

The 14 km/s case shown in Fig. 10 exhibits significant dif-
ferences from the results in Fig. 7. The higher nitrogen ex-
citation rate in Table 2 has shortened the nonequilibrium
region at the shock front and lowered the peak T, from 16,650
K to 14,560 K. Since this case is dominated by ionization
chemistry, it would be expected that the results are sensitive
to the ionization/excitation rates. The group and detailed wall
radiation spectral plots are given as Fig. 11. Atomic radiation
dominates for this case and most of it comes from the con-
tinuum UV bands. Strongly emitting IR lines are still seen,
and the high UV lines above 11 eV are highly absorbed at
the lines’ centers. S

Rather than compare these results to the earlier results
which are greatly different in the chemical and thermal pro-
files, it was decided to recalculate the results of Fig. 7 using
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the higher excitation rate for N in place of the electron impact
rate in Table 1. In this manner, first-order LTNE results could
be obtained with a chemical model very similar to that for
the second-order LTNE method. The flowfield profiles for
this case are shown in Fig. 12. As expected, these profiles are
very similar to those of Fig. 10 except that the peak T, is
lower, 13,860 K, and equilibrium occurs slightly sooner. The
earlier equilibration is to be expected since the first-order
LTNE assumes instantaneous equilibration of the excited states
with the ions and electrons, while the second-order has a finite
rate.
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Fig. 11 Spectral radiation profiles for 14 km/s case, second-order
LTNE model.
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The radiative spectral plots for this case are shown in Fig.
13. In comparing these results to those in Fig. 11, three im-
portant differences are noticed. First, the IR line radiation is
enhanced in the second-order model over the first-order model.
This greater amount of emission is due to the lower level of
thermodynamic nonequilibrium predicted from the second-
order method. The first-order method predicts a largely de-
pleted excited state population in the peak T, region, which
reduces the line radiation from this region. Also, because of
the reduced line radiation, absorption of the UV lines in the
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Fig. 13 Spectral radiation profiles for 14 km/s case first-order LTNE
model with new excitation rate.

wall-boundary layer is more significant for the first-order LTNE
model than for the second-order model. The difference in UV
line center absorption is the second noticeable difference be-
tween Figs. 13 and 11. Finally, the N3 (1-) molecular band is
larger for the second-order LTNE model. This difference ap-
pears to be due to a number of subtle changes in the two
flowfields such as different radiative cooling effects and dif-
ferent N3 number densities caused by the charge exchange
chemical reaction.

Conclusions

The use of a three-temperature model including electron-
vibrational coupling can lead to significant differences in the
thermal profiles from those obtained with a two-temperature
model. The effects on chemistry are not as noticeable due to
the fact that the combined T, — T, model tends to predict a
temperature closest to the dominant energy for the flow con-
ditions, i.e., closer to T, in dissociation dominated flows, and
closer to 7, in ionization dominated flows. The differences in
the thermal profiles for the two models results in differences
of 20-30% in the radiative heat flux to the wall for the cases
considered. These radiative differences would be more sig-
nificant except that LTNE effects tend to inhibit emission
from the regions of thermal nonequilibrium.

The second-order LTNE model developed for this article
has shown deficiencies in the first-order LTNE model. While
both models predict similar total heat fluxes, the spectral
content of the radiation is different. Radiation reaching the
wall with the second-order LTNE model shows a greater IR
line contribution and less UV line center absorption. The
electron impact excitation calculated for the second-order LTNE
model is faster by an order of magnitude than the previous
current rate. Using this faster rate with the first-order model
can closely reproduce much of the chemical behavior of the
second-order model.
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for Nonequilibrium Flowfields
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Abstract

A preferential  vibration-dissociation coupling
model is incorporated into a radiatively coupled viscous
shock layer code that also includes chemical, radiative, and
thermal nonequilibrium. Stagnatxon point flow profiles are
obtained for various Fire 2 flight conditions and for a
typical 14 km/sec AOTV case, and comparisons are made
with Fire 2 experimental data. Adjustments in molecular
absorption coefficients are also made for several diatomic
species. Based on comparisons with experimental data,
very little preferential dissociation behavior is present in
the Fire 2 flight conditions.

Nomenclature
¢, = constant pressure specific heat
D = dissociation energy
€ = energy per unit mass
E, = energy removed per dissociation

G,

energy gained per recombination
h = enthalpy per unit mass
k = Boltzmann constant
k.= forward reaction rate constant
k., = equilibrium rate constant
m = particle mass
N = cut off level in simple harmonic oscillator
N, N; = number density
p = pressure
Q = vibrational p:_irtilion function
Q, = convective heat transfer -
Q, = radiative heat transfer
T = tempcrature
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¥ = mass averaged velocity components
U, = diffusion velocity '
U = preferential temperature
= coordinate axis
1 = heat conduction coefficient
0, = characteristic vibrational temperature
p = density
o = radiative cross section
©= relaxation time

subscripts
¢ = clectronic

f = forward rate (production)
r = reverse rate (depletion)
s = species

sh = value at shock

r = translational

v = vibrational

Introduction

Chemical and radiative nonequilibrum effects
dominate the flow around many hypersonic vehicles, such as
those proposed for aerobraking maneuvers. In previous
work™, a radiatively coupled viscous shock layer (VSL)
flow solver was developed from the VSL3DNQ program
from NASA Langley’ and the RADICAL radiation transport
method of Nicolet® ’ This program currently includes
viscous  effects, diffusion, conduction, . chemical
nonequilibrium, and thermal nonequilibrium. The program
also includes a method to account for local thermodynamic
nonethbnum (LTNE) effects on radiation emission and
absorption.

The coupling between the processes of dlssomatnon
and vibrational relaxation have a great effect on
nonequilibrium flowfields. Methods have been developed
which account for the effect of vibrational nonequilibrium
on the molecular dissociation rates, and for the effect of
dissociation on vibrational relaxation.® > Onc important
difference between some of these methods is whether they
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assume that dissociation occurs with cqual probability from
all vibrational cnergy levels, or with a higher probability
from higher cnergy tevels. A nonpreferential model
assumcs that dissociation will occur with an  equal
probability from all vibrational cnergy levels, given a
sufficicntly cncrgetic collision.  On the other hand, a
preferential model  assumes that, given a sufficicntly
energetic collision, dissociation will occur with a higher
probability from higher energy levels. Previous work®
developed a modified nonpreferential model after Treanor
and Marrone.® This model is referred to as the MCVDV
model.  However, some authors'® ' suggest that the
preferential model should be more physically correct. In
this paper, a preferential model is included in the flow
solver following the preferential model developed by
Marrone and Treanor.” This model will be referred to as the
preferentiat MCVDV model.

Flowfield Model

The VSL program developed previously'™ is used
to solve for flowfield properties along the stagnation line
between the shock and the body. All solutions presented are
in an air mixture with eleven species and twenty-three
reactions, as described in Ref. 4. The only changes made
for this paper are to the vibration-dissociation coupling
model, and to the absorption coefficients of some molecular

band systems. These changes are d@cnbed in more detail
below.

Vibration-Dissociation Coupling
The vibrational energy equation used in the VSL
equations has the followmg form in Cartesian coordinates. -

ahv;
pu! Cp. (Tlv ) +E psU. S5

+Z Ps A Cu(Tv)“u +Z Ps ¢'1(Tc)"u

5 e g("’"’) z<ev, G:)(ﬁ)

Vibration-v1brahon energy cxchange rates bctween different
vibrating molecules (N,, O,, NO, elc.) are not well known.'?
Therefore, only a single vibrational temperature has been
used in the current model, An additional reason only one

0]

vibrational temperature has been used is the increased

computational time associated with wusing different
vibrational temperatures for cach vibrating species. .
The refaxation time, t,, used in the current model is
that proposed by Park" which sums the relaxation time used
by Millikan and White", t*¥, with a high temperature

correction factor as follows
o=ty 1

€6,N;
where c, is the average specics molecular speed and o,is a
limiting cross section calculated by"

2
_17( 50.000%
os;=10 '7(—T ) cm?

ir

The sccond relaxation time in Eq. 1, which only
affects the N, relaxation, 15 T, and is taken from the work of
Lec'® as curve fitted by Candler and Park'” as

log(pcte) = 7.50(log T.)2 — 57.0log T, +98.70
for T_ < 7000K, and

log(pet.) =2.36(log T.)? -
for T, >= 7000K.

In the third term on the right side of Eq. (1), the
factor A attempts to correct the relaxation rate for high
temperature diffusion effects and is given by**

—5000K
A Tlr;h_Tv (3 5 exp ( ) -1 )
o Ttr;h—Tv;h

The changes made in the MCVDV modet described
carlicr affect only the last two terms in Eq. 1. The first of
these terms represents the vibrational cnergy lost in’
dissociation, and the second term represents the vibrational

cncrgy gained in recombination. The derivation of these
terms is shown below.

1791log T, +24.35

Preferential MCVDV Model

In the nonpreferential model, -a molecule involved
in a collision with sufficient energy to cause dissociation
will dissociate with equal probability from all vibrational
energy-levels. Of course, more. dissociations will occur from
the higher levels because less energy is required to reach the
dissociation encrgy.

In the preferential model, molecules involved in
collisions with sufficient energy to cause dissociation will
have a greater probability of dissociating from higher
vibrational energy levels. The probability-of a molecule in
the jth energy level dissociating is given by’ .

p; = CFGNM(D - E)) @)
where N, is the fractional number of molecules with
vibrational energy E, M(D - E) represents the number of
collisions with sufficient energy to cause dissociation, F(j) is
proportional to the probability that a molecule in the jth
vibrational energy level will dissociate given a sufficiently
energetic collision, and C is a oonst'ant such that Zp; = 1.
F(j) is assumed to be® '

~D-E))

F) = exp (22 o)
where U has dimensions of temperature and describes how
quickly the probability of dissociation falls for low j. A
value of U = o forces F(j) = 1 and therefore corresponds to
the nonpreferential model.  Assuming a Boltzmann
distribution in both the vibrational and translational modes,
N; and M(D - E)) can be cxpressed as

N

P\, ) '
o) ®

N, =



M(D - [)) = exp (* > L’)) (5)

Substituting Eq. 3 - 5 into Eq. 2 then gives for the
probability of a dissociation from lcvel j

= Q(le) P(“")C‘(p‘\ k($+7l,:)J (6)

with

Tr 1. Tw U
The requircment that Zp; =1 and the definition of the
parttition function then yiclds

_oay) 1 i
€= G o p[ ( +n)}

Substituting this expression for C into Eq. 6 yiclds finally

£
oolirs)
| Pi = o
In Eq. I, E, the amount of vibrational encrgy removed per
dissociation, is then given by

(&)

X Ee i, )

Eo=2Epi=—gm
i

= kT {n O(T7)]

The' amoum of wbraUOnal encrgy gamed per recombination
is sxmply equal to E with T, in equilibrium with T,. With
T,=T,, T,=-U. Thereforc,G is gwcnby
To obtain expressions for E and G, it is assumed that a
simple harmonic oscillator models the vibrational energy.
This is in contrast to Ref. 9, which used an anharmonic
oscillator modeled by a Morse potential function. A simple
harmonic oscillator is used here for computational
simplicity. The differences between the simple harmonic
oscillator and the anharmonic oscillator are also believed to-
have only a small effect for the flight conditions being
investigated. = The partition function for the simple
harmonic oscillator is given by e
l-—cxp( h::")

By

T =
1—exp (—TT

Then, the expressions for E, and G, snmphfy o
. = 0, M,
.=

T ()

G, = .
m’(%)-‘

oo (5)-1
The last term that is different for the preferential
model is the vibrational coupling Tactor, V, which adjusts
the dissociation rate constant, k,, to account for the effect of
- vibrational nonequilibrium. Thxs factor is derived in Ref. 9,
and has the form

XTe XXTF)

=k _
V= keg T QATIA-U)

Table 1. Summary of Test Cascs

Casc |R, . (cm)| V(km/s) | Altitude | T, (K)
o - (km)

1634 747 11.36 76.42 615
1636 74.7 11.31 71.04 810
1637.5 74.7 11.25 67.05 | 1030
1639 74.7 11.14 63.11 1325
1640.5 74.7 10.97 59.26 1560
14 230 14 80 1650

In all the above equations, setting U = 00 reduces the model
to the nonpreferential model.

Radiation Modecl
The first order LTNE radiation modcl presented in
Ref. 4 is used to calculate the radiative flux in the shock
layer. However, experimental and theorctical studies by
Laux and Kruger” and by Laux, Morcau, and Kruger"”
indicatc that the normally acccpléd radiative transition
probabilities for certain molecular bands arc incorrect and

need adjusting. Thus, as suggested in Ref. 18, the local

thermodynamic” equiT)num (LTE) absorption coefficients -

have been reduced in some of these studies by 10% for the
N," first negative system and the N, second positive system,
and by 15% for the N, ﬁE{'liosxlxvc system from the values
in Ref. 4. Although Ref 18 also suggests changes for the
NO beta, gamma, and O, Schumann-Runge bands, current
studies of several ﬂxght conditions _indicate that these

changes have very little eﬁ‘ecl on the solution.

Discussion of Results

Table I gives a surmmary of the flight conditions
investigated. The first five cases represent flight conditions
at various times of the Fire 2 flight experiment. The first
two flight times have significant amounts of
nonequilibrium, while the last three ‘contain progressively
more equilibrium flow. The sixth case represents
aerocapfure condmons for a possible Martian return earth
entry. s S T e

Thc freestream oondmons and wall lcmperatures
shown for the Fire 2 cases are those measured during the

~ flight test at the times listed. The numerical solutions

assume a fully catalytic wall boundary condition for the Firc
2 cases to be consistent with the beryllium heat shield used
in the test vehicle and also include the radiative reflectance.

and absorpﬂon properties of the heat shield as a function of
wavelength.

The last test case assumes the wall to be at 1650°K,

which is the cxpected maximum temperature 7for a

non-ablating heat shicld. The solution assumes the surface
for this case to be catalytic to ionic rccombinations but
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Table 1L Summary of Results with U = D/3k

Table HI. Summary of Results with U =6D/k

Coupled Q  Coupled Q,
Casc A Q. Cont. | Lines | Absorbed Casc A Q. Cont. | Lines | Absorbed
1634 5.77 188 13.4 497 12.4 1634 5.32 193 115 7.16 13.6
1636 | 4.95 276 33.1 293 46.9 1636 | 4.69 281 296 | 314 409
1637.5] 4.68 356 56.2 | 67.1 933 16375 4.52 362 526 | 70.1 93
1639 4.59 449 91.3 137 171 1639 | 4.47 444 82 133 161
1640.5| 4.53 538 120 220 248 1640.5 | 4.47 541 114 218 242
14 13.8 | 579 615 | 443 106 14 12.5 57 573 | 436 101
A is shock standoff distance in cm. A is shock standoff distance in cm.
. is convective heat transfer in watts/cm’. Q. is convective heat transfer in watts/cm’.
* is radiative heat flux to wall in watts/cm’. Q. is radiative heat flux to wall in watts/cm’.
Lincs and Continuum valucs are incident upon wall. Lincs and Continuum values are incident upon wall.

non-catalytic to atomic recombinations and to be radiatively
black.

The grid between the shock front and the body
conlains 99 points, which sufficiently resolves both
nonequilibnium regions near the shock front and near the
body. All cases assume shock slip conditions to conserve
species and energy flux in the shock jump relations. A three
temperature thermal model and a constant Lewis number
diffusional model (with Le = 1.4) have also been used.

For all flight conditions, varying degrees of
preferentiality were studied. Values of U of D/6k, D/3k,
D/k, and 6D/k were used, with U=D/6k being the most
preferential, and U=6D/k being practically nonpreferential.
Solutions with U=6D/k and true nonpreferential solutions
were only negligibly different. Therefore, this paper will
assume that cases with U=6D/k are nonpreferential
solutions. Also, all cases were run with both the reduced
absorption cocfficients and the nonreduced coefficients.

Preferential MCVDV Model

Table 11 summarizes results for the six cases with
U=D/3k, which represents the amount of preferentiality
recommended by Ref. 9. The first value in the table is the
distance between the shock and the body, A. The second
value is the total convective heat transfer, consisting of the
contributions from conduction, diffusion, and catalycity.
Also listed is the total radiative heat transfer absorbed by the
wall. The radiative heat transfer has been coupled with the
gasdynamic solution. The table also includes a breakdown

of the coupled radiative heat transfer into line and

continuum contributions. The absorbed value is less than
the sum of the line and continuum contributions for the Fire
2 cases because the surface is not a black body.

Table III contains the same information as Table II,
but with U=6D/k. Tables II and IIl therefore compare
preferential and nonpreferential solutions. For all cases, the
shock standoff distance is increased for the preferential
solution, while for most cases the convective heat transfer is

reduced or about the same. The continuum radiation is also
higher for the preferential solutions, while the line
contribution is lower for the earlier Fire 2 cases and slightly
higher for the later times and for the 14 km/s case. The
source of the decrease in the line contribution is currently
being studied. The radiative flux absorbed is lower for the
preferential case only for the earliest Fire 2 case. For the
other cases, it is either unchanged or slightly higher. The
probable reason for the slightly different behavior at
different times of the Fire 2 cases is the amount of
nonequilibrium in the flowfields of these cases. Since the
earlier times contain significant amounts of nonequilibrium,
the amount of preferentiality used has a significant effect on
the solution. However, there is very little nonequilibrium
present at the later times. Therefore, the amount of
preferentiality used has only a mild effect on those solutions.

The differences in the flowfields for the preferential
and nonpreferential solutions can be seen quite clearly in
Fig. 1 and 2. Fig. 1 shows temperature and species
concentration profiles for Fire 2 case 1634 with U=D/3k.
Fig. 2 shows the same information with U=6D/k, a
nonpreferential solution.  Comparing the temperature
profiles for the two cases, it is clear.that the preferential
solution increases the size of the nonequilibrium region
behind the shock front. This behavior is expected for a
preferential solution. - Immediately behind the shock, the
diatomic gases become vibrationally excited, and the
molecules in the upper vibrational energy levels quickly
dissociate due to the preferentiality, which leaves very few
molecules in the upper vibrational energy levels. The
molecules in the lower levels are much less likely to
dissociate, reducing the dissociation rates. The lower
dissociation rates in turn lengthen the vibrational relaxation
times. Thus, the overall nonequilibrium region is
lengthened.

The species concentration profiles in Fig. 1 and 2
also reflect the increased nonequilibrium region in the
preferential case behind the shock front, particularly in the



N, and O, profiles.  Thc concentration of N,' is also
cs.pcciully important, since il is a very strong radiator. The
pcak concentration of N,' occurs farther away from the
shock front for the preferential solution than for the
nonpreferential solution.  This movement is caused by the
lower dissociation rates and incrcased relaxation times of
the prefercniial solution.  Although the magnitude of the
peak concentration of N,' is nearly the same for both the
preferential and  the nonpreferential solutions, a high
concentration of N,' exists over a larger spatial region of the
shock tayer for the preferential case.  Thus, the total
concentration of N, in the shock layer is greater for the
preferential  solution. The cffect of this incrcased
concentration can be seen in Fig 3 and 4, which show the

nonprcfcrcnﬂal solutions of the 1634 case. The lower of the
two plots in these figures is a detailed representation of the
spectral radiative content. - The upper plot uses line
groupings over widths of the specttum to show the summed
contributions. The most obvious difference in these two
plots in the increased radiation in the Z-4 eV range for the’
preferential case. The primary radiators in this range are
N,’, N,, and NO. Since the strongest of these radiators is
N,', its increased concentration is the main causc of the
increased radiation in the 24 eV range and the increased
continuum contribution seen in Tables II and IIL

Fig. 5-8 present solutions of case 1634 with -

U=D/6k and U=D/k to show the effect of differing amounts
of preferentiality. Fig. 5 and 6 show that increasing the
preferentiality further increases the nonequilibrium region
and the continuum contribution in the 2-4 ¢V range. Fig. 7
and 8 show that decreasing the amount of preferentiality
decreases the nonequilibrium region and the continuum’
contribution in the 2-4 eV range, lhough ‘they are sﬁllr
greater than the nonpreferential solution. o

Fig. 9 compares the Fire 2 solutions with U=D/3k
with the experimental data. The Fire 2 experiment.
contained three different heat transfer measurements. A
total calorimeter measured the sum of the convective heat

transfer and the absorbed radiative flux, which is shown on

the figure as a solid line. Experimental values for the total
calorimeter were not available above 1639 sec. as this is

when the first heat shield began to melt The corresponding .

numerical results are shown as squares. The other two
gauges measured radiative intensity in the frequency ranges
0f0.02 10 6.2 ¢V and 2 to 4 ¢V, respectively, from which the
radlatwe heatmg can be computed assummg the gas to be
from low mfrared through the visible range and is shown on
the figure as a dashed line labeled Q, (0.02 - 6.2 eV). The
corresponding numerical resulfs are shown as diamonds.
The second range is a region -consisting primarily of
molecular band radiation of N,’ and NO. The experimental
data in the 2 - 4 ¢V range was scattered over a large area,

and is bounded by two dashed lincs on the figure labeled Q,
(2 - 4 ¢V). The numcrical results In this range arc
represented by circles. Also, all Firc 2 experimental values
presented have been ddjllSlCd by the cffective view factor of
0.84.

Fig. 10 shows the same information as Fig. 9 for a
nonprcferential solution. Comparing Fig. 9 and 10, both the
preferential and the nonpreferential solutions match the Fire
2 data rcasonably well for the total heat transfer. For the
preferential solution, percent errors range from (4 % at
1634 10 6.9 % at 1639. In thc 0.02 - 6.2 and 2 - 4 ¢V
ranges, however, the agreement with the flight data is not as
good. Al the carly flight times, all thc numerical results
appear high. However, the preferential solution is
significantly higher in the 2 - 4 eV range, with percent
errors ranging from 165 % at 1634 sec. to 1.7 % at 1640.5
sec. The percent error of the nonpreferential solution is 64
% at 1634 sec., with the last threc data points within the
range of the experimental scatter. This behavior is due,
once again, to the higher concentration of N,' for the
preferential solution. "In the 0.02 6.2 eV range, both
solutions are about 42 % below the experimental values at
the higher times. -However, at the earlier flight times,-the
preferential solution is higher than the nonpreferential
solution. Thus, the nonpreferential solution is more
consistently low compared with the experimental results.

Returning for 2 moment to Tables II and ITI, there
appears to be some inconsistency in the results at the highér
flight times. At 1640.5, there is an increase in the
continuum and line contributions and in the absorption for
the preferential case, where at the lower times there was a
decrease in the line contribution and in the absorption. This
apparent inconsistency can be somewhat explained by
viewing Fig. 11, which shows the temperature profiles and
radiation spectruniifor the preferential solution of Fire 2
case 1640.5. First of all, the temperature profile shows that
the nonequilibrium region is very small, indicating that

preferentiality has very Tittle effect on equilibrium solutiofis.

Tables II and IIT also illustrate this point, as the largest
difference between the values in these tables at 1640.5isa 5
% increase in the continuum contribution for the
preferential case.. A possible reason for some of the
inconsistency at the higher times can be seen in the lower

half of Fig. 11, which has a much different scale than the - .

other radiation spectra shown. At this time, the contribution
from the 2 -4 ¢V range is a small percentage of the overall
radiation.

solution than the changes in the 2 - 4 eV range. However,
the exact nature of the changes in the ultmvxold mngc is not
yet known, but is under investigation. =~

While the Fire 2 cases suﬁicncnlly illustrate the
effects of preferentiality, a few comments can also be made
about the AOTV 14 kn/s case. Comparing the values listed

Therefore, changes in the radiation from the-
“ultraviolet range could be having a greater effect on the
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Table IV. Summary of Results with U = D/3k and
Reduced Absorption Cocfficients

Table V. Summary of Results with U =6D/k and
Reduced Absorption Cocfficients

Coupled Q, Coupled Q.
Casc A Q. Cont. | Lines | Absorbed Casc | A | Q| Cont | Lincs | Absorbed
1634 5.78 188 13.6 6.21 12 1634 5.17 187 8.92 5.19 - 987
1636 4.94 275 343 322 453 1636 4.69 279 28 30.1 46.5
163751 4.68 355 55.1 693 92.9 1637.51 4.52 360 50.6 68.4 92.1
1639 4.59 449 89.9 137 171 1639 448 446 822 134 162
1640.5| 4.54 539 119 221 248 164051 4.49 534 116 225 249
14 13.8 59 613 449 106 14 12.4 56.4 54.5 421 96.5
A is shock standoff distance in cm. A is shock standoff distance in cmi.
. is convective heat transfer in watts/cm’. . is convective heat transfer in watts/cm’.
* is radiative heat flux to wall in watts/cm?. * is radiative heat flux to wall in watts/cm’.
Lines and Continuum values are incident upon wall. Lines and Continuum values are incident upon wall.

in Tables II and 1] for this case, similarities to the later Fire
2 times can be seen. There is an increase in the continuum
and line contributions and in the absorption for the
preferential case, similar to the later Fire 2 times. However,
Fig. 12 - 15 show that there is a significant amount of
nonequilibrium for the 14 km/s case. Fig. 12 and 13 are a
preferential solution while Fig. 14 and 15 are a
nonpreferential solution.  Once again, an increased
nonequilibrium region behind the shock front can be seen
for thc preferential case, particularly in the N, and O,
profiles. Also, notice that the radiation spectra are plotted
on a different scale than the Fire 2 radiation spectra. The
same increase in the contribution from the 2 - 4 eV. range
can be observed for the preferential case, and again is most
likely due to an increase in the N," concentration. However,
the source of the increased line contribution is unclear.

The comparisons of the numerical solutions with
the Fire 2 data and the apparent inconsistencies among
various cases illustrate that the amount of preferentiality has-
a complex effect on the solution. The reasons for this
complex behavior is not currently well understood and needs
further study.

Reduced Absorption Coefficients
The same cases described above were also run with
the absorption coeflicients of the N,' first negative, N, first

positive, and N, second positive systems reduced as
A summary of these results is shown in -
Tables IV and V. Table IV lists results for preferential
solutions while Table V lists results for nonpreferential |
The comparisons between the preferential and -

described earlier.

solutions.
nonpreferential solutions without the reduced absorption
coefficients also apply for the solutions with the reduced
absorption coefficients. The only difference appears to be
that the line contribution is slightly higher for the
preferential solution cven at the earlier Fire 2 times,
whereas for the nonreduced absorption cocfficient cases the

line contribution at the earlier times was slightly lower for
the preferential cases. In gencral, though, the effect of
preferentiality is the same for these cases.

- The effect of reducing the absorption coefficients is
not very clearly seen by comparing Tables IV and V with
Tables Il and III. There appear to be several inconsistencies
between the nonreduced and the reduced solutions. ‘For the
preferential cases, the continuum ocontribution of the
reduced coefficient cases is slightly higher for the. earlier
times, but slightly lower for the later times. The line.

- contributions of the reduced coefficient cases are slightly

higher or unchanged for all times, while the absorbed wall
radiation ‘is slightly lower for the ecarlier times and

unchanged for the later times.

The trends are s:gmﬁmmly different for the
nonpreferential solutions. Here, the continuum contribution
of the reduced coefficient cases is significantly lower at the
earlier times, but slightly higher at the later times. This

~behavior is exactly the opposite from the preferential -

solutions. The line contribution and the absorbed heat
transfer in the reduced cocfficient cases are lower at the
carlier times, but slightly higher at the later times. Any
reductions in the continuum contributions should be
primarily due to the reduced N,’ first negative absorption
coefficient.  Obviously, the preferentlallty has a very
complex effect on any solution, and this effect is made even
more complex by changes in absorption coefficients.

Fig. 16 and 17 show temperature and species
profiles and radiation spectrums for nonpreferential Fire 2
case 1634 with the reduced absorption coefficients.
Comparing these figures with Fig. 2 and 4, it is clear that
reducing the absorption cocfficients has very little effect on
the gasdynamic solution. On the other hand, the effect on
the radiation spectra is obvious. The magnitude of the
radiation in the 2 - 4 eV range is considerably lower for the
reduced absorption coefficient case, further proof that the



rcduction in the continuum contribution is primarily duc to
the reduced N,' first ncgative absorption cocfficient.

Fig. !8 and 19 show the samc information for a
preferential solution with U=D/3k. Comparing thesc figures
with Fig. 1 and 3, thc samec comments made for the
nonpreferential solution also apply here.  Howcver, the
magnitude of the effect of reducing the absorption
cocflicients appcars to be smaller, indicating that the
preferentiality has a stronger effect on the solution than
reducing the absorption cocfficients.

Fig. 20 comparcs the nonpreferential solution with
the reduced absorption coefficients with the Fire 2 flight
measurements. Comparing this figure with Fig. 9 and 10,
the agreement with the experiment seems better with the
reduced absorption coefficients. While the contribution in
the 2 - 4 eV range is still high at the early flight time, it is
not as high as before, with percent errors ranging from 40 %
to 27 % at the earliest flight times. At the later flight times,
the numerical data is within the range of the experimental
scatter. Once agam, the numerical results in the 0.02 - 6.2

eV range appcar to be con51stcntly Tow, thh pgrggnt errors
at the higher flight times around 45 %. However, at the
carlier flight times, the reduced absorption coefficient
results match the experimental results more closely than the
nonreduced solutions. There does not appear to be much
difference in the total heat transfer calculations. Since most
of the total is convective heating, reducing the absorption

- coefficients does not have a large effect on the total heating,
.For the AOTV 14 km/s casc, the differences

between the reduced and nonreduced coefficient cases also

show some mterestmg behavior. For the prcferentlal case,

the convective heating increases slightly with the reduced
coefficients. However, the convective heating decreases
slightly with the reduced coefficients for the nonpreferential
case. Other changes are also apparent in other values from
Tables II - V for the 14 kan/s case, further illustrating that
more investigating needs to be conducted on the effects of
preferentiality.

Conclusions

A preferential MCVDV model has been developed

and evaluated by comparisons with a nonpreferential
MCVDV model. The preferential solutions exhibit the
proper behavior compared with the nonpreferential
solutions. However, comparisons with Fire 2 flight
measurements  indicate  better agreement with  the

nonpreferential model. A prefercntial temperature of

U=D/3k also appcars to introduce too large an amount of

prefercntiality into the solution for Fire 2 cases. A slightly
larger value such as U=D/k may be more appropriate.
Solutions were  also obtamcd _using reduced

absorption cocfficients for the first negative band of N “and
for the first and second positive bands of N, Compansons
with Firc 2 flight mcasurcments for these solutions are

cncouraging, indicating that better calculations of radiative
transition probabilitics nced (o be included. However, the
nonpreferential model stitl matches the flight mecasurements
better than the preferential model.  Morc investigations in
the modeling of the N, first negative band may be needed.
In all computations, this band is always very near LTE. If
this is not truc, the continuum contribution in the 2 - 4 ¢V
range would be lowered at the cardier Fire 2 flight times,
which have significant noncquilibrium.

Although the preferential model should be more
physically correct than the nonpreferential model, current
results indicate that little if any preferentiality is present in
the Fire 2 flight conditions. Thercfore, some modifications
to the preferential model may be in order. Also, there are
likely still questions concerning the modeling of some
molecular LTNE and other radiative phenomena and
research in these areas is continuing. It would appear that
more theoretical and numerical studies in high temperature,
nonequilibrium radiative phenomena are needed.
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Survey of Nonequilibrium Re-entry Heating
for Entry Flight Conditions
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Abstract

A viscous shock layer method has been developed which
includes the effects of chemical and thermal nonequilibrium and is

coupled with a radiation analysis which includes thermodynamic

nonequilibrium effects. This code has been used to obtain
solutions for a wide variety of nonequilibrium re-entry conditions
in air. The results are tabulated and displayed graphically.
Comparisons are made to similar results obtained for radiatively
coupled equilibrium flow and conclusions drawn on the effect of
nonequilibrium and in particular thermodynamic nonequilibrium
on the radiative environment about re-entry vehicles.

Nomenclature

¢p = specific heat at constant pressure
¢ = heat flux
Q = heat flux
Rnose = nose radius
S = distance along body
T = Temperature
W = curvature smoothing factor
A = shock standoff distance
K = curvature
subscripts
C = convective
¢ = electron or electronic
J = sphere-cone junction
r = radiative
v = vibrational
w = wall value
0o = freestream value

Introduction

The proposal of a new class of re-entry vehicles in the re-
cent past spurred the research into computational tools and theory
for the calculation of nonequilibrium gas flows. The new ve-
hicles, grouped under the general title of aero-assisted vehicles,
are designed to use the upper levels of planetary atmospheres to
achieve orbital/trajectory changes with a minimum expenditure
of fuel. The application of such vehicles is for both interplanetary
or lunar return missions and for inter-orbital runs such as between

*  Visiting Assistant Professor' , Member AIAA
**  Professor Aerospace Engineering, Associate Fellow AIAA

Copyright (©)1993 by the American Instilute of ég(énqutics
and Astronautics, Inc. All rights reserved.

geosynchronous and low-earth orbits. The particular interest in
nonequilibrium phenomena resulted from the long duration of
time these new vehicles would spend in the upper atmosphere
which previous re-entry vehicles rapidly passed through on their
return to the planet surface. The now defunct Aeroassisted Flight
Experiment (AFE) was partially designed with the goal of pro-
viding experimental evidence for the development, calibration,
and verification of the physical and numerical models involved.

In support of the research push into nonequilibrium flows,
the authors pursued the development of numerical tools for the
rapid and accurate calculation of nonequilibriumn effects (see
Refs. 1-5). Attempts were made to use existing theories and
methods in an integrated package which could be used for routine
engineering analysis of re-entry flight conditions. The effects
of chemical, thermal, and thermodynamic nonequilibriumn along
with radiative-gasdynamic coupling have been modeled in the
single resulting program. -

This paper provides a summary of this research effort with
cited references for the interested reader to pursue. A survey
of results for a diverse series of flight conditions and body sizes
is also presented. These results may be used for interpolation
or for comparison with other computation tools which may be
developed.

Problem Formulation -

Flow Field Model

The basis for the flowfield analysis is the VSL3DNQ
program the authors obtained from NASA/Langley Research
CenterS. This code solves a viscous shock layer approximation to
the Navier Stolkes equations for flow over axisymmetric bodies,
possibly at angle-of-attack. Intended for use with nonequilibrium
flows below 9 km/sec, the program included the effects of
chemical nonequilibrium using a five species model (N, Na, O,
03, NO). Complete body solutions are obtained using a global
shock shape iteration procedure. In this process an initial shock
shape is cither assumed or obtained from another analysis method.
Using this shape, a new shock shape is calculated through the VSL
solution over the body which may be used as input for subsequent
calculations. Such "global" iterations are repeated, usually with
shock shape relaxation and/or smoothing, until a converged shape
is obtained. '

Much of the authors’ previous work has concenirated upon
the solution of the stagnation streamline of spherical nose bodies.
This solution is relatively insensitive to the full shock shape,
and accurate solutions can be obtained by using an initial shock
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shape corresponding to another spherical nose body and scaling
the stand-off distances to the calculated values. In this paper,
the authors have considered the entire nose region of 60 degree
sphere cones at zero angle-of-attack. For these cases, global
flow solutions up to a surface distance 1.1 times the nose radius
were calculated. This distance is well beyond the sphere-cone
junction and is a region where the streamwise flow is supersonic
everywhere exceptin the inner surface boundary layer. The latter
is necessary to avoid shock shape convergence problems posed
by an improper downstream boundary condition.

The original VSL3DNQ code has been extensively modified
to extend its nonequilibrium capabilities. The chemistry package
has been expanded to include up to 13 reacting species which are
specified at run time by the user. Up to 50 chemicalreactions may
be input by providing both forward and reverse rates, or simply
a forward rate with the reverse rate calculated internally via an
equilibrium constant. The method of determining the equilibrium
constants will be discussed in detail in a following section.

The program now includes thermal nonequilibrium effects
through either a 2 temperature, T-Ty, or 3 temperature, T-Ty - T,
model®. In the 2 temperature model, the rotational and heavy
particle translational energies are assumed to be in equilibrium
at the temperature T, while the vibrational, electronic, and free
clectron translational energies are assumed to be in equilibrium
with each other at the temperature Ty which may be different
from T. In the three temperature model, nonequilibriurn may
exist between the vibrational energy, Ty, and the electron and
electronic energy, T..

For both models, energy exchange between the translational
and vibrational modes is modeled using a modified Coupled
Vibration-Dissociation- Vibration (CVDV) method’®, The mod-
ifications consist of the relaxation time limiting and total rate

adjustment suggested by Park®10. Energy is exchanged between
free electrons and heavy particles using an elastic collision model,
and a free electron energy loss due to electron impact ionization
and dissociation is included. For the three temperature model, an
additional exchange of energy between electron and vibrational

modes is modeled using the rates from J. H. Leell. Also, two
forms of the electron energy equation are available: a complete
differential equation includirig all terms and an approximate al-
gebraic equation obtained by dropping all terms but the exchange
terms (translational to electron, vibrational to electron, and elec-
tron impact depletion). The latter equation is called the quasi-
electron-electronic equation and is useful when starting solutions
from an assumed initial profile or when low electron concentra-
tions yield numerical difficulties with the differential equation.

The effect of multi-temperatures on chemical reactions rates
has also been modeled. For the forward dissociation rates of
02, N3, and NO, the CVDV method includes a rate correction
based upon the difference between T and T,. This correction
is applied to the forward rate calculated from T alone. The
electron impact reactions forward rates are calculated using the
electron temperature, T.. For all other reactions the forward
rates are calculated based upon the heavy particle translational
temperature.

While reverse rates may be input directly, the authors gener-

ally use the reaction equilibrium constants to calculate the reverse
rate. This method guarantees an equilibrium species concentra-
tion independent of the input rates. The equilibrium constants
in turn are calculated from the species partition functions. Cur-
rently, the partition functions are obtained assuming fully excited
rotational and vibrational modes without couplingbetween them,

and assuming a harmonic oscillator’. The partition functions
arc always calculated using the three characteristic temperatures,
thus yielding equilibrium constants which are ‘also functions of
all three temperatures.

This method for calculating the equilibrium constant influ-
ences the dependence of the reverse reaction rate. For the electron
impact reactions, the reverse rates are strong functions of the elec-
tron temperature and weak functions of the heavy particle trans-
lational and/or vibrational temperature. The reverse rates for the
dissociation reactions are obtained from the uncorrected forward
rate (i.e. based upon T only) and the equilibrium constant. The
reverse rates are thus strong functions of T and weaker functions
of Ty and Te. For the remaining reactions, the dependency can
be complex and each requires an individual study.

Park!? suggests an alternate method for calculating reverse
rates using equilibrium constants and forward rates calculated us-
ing appropriate temperatures to obtain the expected reverse rate
dependency. An attempt by the authors to use similar methods
had the tendency to severly slow down some reactions like dis-
sociation while greatly speeding up others like the ion exchange
rates. In particular, in the shock front region where translation
temperatures are high, the high rates for ion exchange were driv-
ing the chemical model to a quasi-equilibrium well before there
was thermal equilibrium. Since the whole concept of using equi-
librium constants in strong chemical and thermal nonequilibrium
regions is in question, the authors opted for the previously de-
scribed method which for their analysis yielded more reasonable
results and had the expected physical consequence that chemical
equilibrium was delayed until thermal equilibrium occurred.

The thermodynamic variables c, and H are calculated using
characteristic temperatures of rotation and vibration with the same
basic assumptions as for the partition functions. The electronic
contribution to both terms are modeled by including up to eight
electronic energy levels. i

The coefficients of conduction and viscosity are currently

calculated using the collision cross section method of Gnoffo et

al.13 and includes multi-temperature effects. A full multicompo-

nent diffusional model was developed* as part of this research
program, but results obtained using this model are not signifi- -
cantly different from those obtained using a simple constant Lewis
number, binary gas diffusion method!4. Thus, all the results in
this paper were obtained using the constant Lewis number model.

Radiation Model

The radiation method being used has been derived from the

RADICAL (or RAD/EQUIL) code of Nicolet!>!6, The radiation
portion of RADICAL performs an equilibrium radiation analysis
of a heated gas between a shock front and wall. The method
includes the effects or self-absorption and variable wall optical



propertics.  The radiating gas system includes all the primary
radiating species of oxygen, nitrogen, argon, hydrogen and
many common carbon molecules which appear around ablating
surfaces.

Since the RADICAL code was developed with the goal of
performing the radiation analysis efficiently and to good accuracy,
the following approximations have been made. First, a tangent
slab approximationis used. Under this assumption, the properties
of the gas are assumed constant in the surface tangent directions.
For blunt bodies where the shock standoff distance is typically on
the order of 6 percent of the nose radius or less, this approximation
should be valid. Second, to speed up calculation of the absorption
function, the program uses line groupings internally for which
the underlying continuum absorption may be assumed nearly
constant. The frequency width of these line groupings is
selectable by the user and have been chosen to reduce the error
introduced by this assumption. Third, the molecular radiation
contribution, while being a line phenomena, is calculated using
a band model approximation. These models have been curve fit
to experimental results and generally yield accurate results for
the total radiative contribution but lack the detailed information
more recent methods yicld. However, due to the enormous
computational savings obtained with the band model, their use
is still desirable for many applications. Lastly, while most of the
atomic bound-bound transitions are handled as discrete lines, the
transitions between the very upper states of oxygen and nitrogen
have been curve fit with band approximations. These transitions
occur in the far infrared and do not contribute greatly to the
total radiative flux; but again, the band modeling trades off some
detailed information for the sake of computational efficiency.

The authors have developed two methods for including
atomic local thermodynamic nonequilibrivm (LTNE) effects,
termed the first and second order models (Refs. 17,1,4,5). The
first order model is based upon the observation by Wilson!2 that
the Jower three electronic states of nitrogen (and also oxygen)
and all the upper states bave relatively small energy differences

between adjacent states when compared to the energy difference

between the third and forth states. Thus a limiting step in the
excitation to ionization of nitrogen and oxygen is the excitation
between low lying states to the upper states across the 34
energy jump. Wilson used this observation to deduce a electron
impact ionization rate for nitrogen which correlated well with
the observed experimental jonization rates in nonequilibrium
flow. The first order LTNE model extends this concept to a
radiation model by adding the assumnptions that the lower three
states of both nitrogen and oxygen will be in near thermodynamic
equilibrium with each other while the upper states will be in near
equilibrium with each other and with the jonized state and free
electrons. Since the relative populations of the ground state and
ionized state are calculated using the chemical rate equation, this
assumption ties the existence of thermodynamic equilibrium in
nitrogen and oxygen to the formation of chemical equilibrium of
the electron impact ionization reaction. These assumptions inhibit
a burst of radiation which would otherwise be predicted near the
electron temperature peak behind the shock front and yield results

in good agreement with flight and shock tube measurements®>.
To test the validity of the assumption of equilibrium between

the upper level states and the ionized states, the second order
LTNE metbod was developed. In this method, thermodynamic
equilibrium is still assumed between the low lying states and
between the upper states, but excitation rates between the lower
and upper levels as well as ionization rates from both the lower
and upper levels are calculated using chemical rates deduced
from the transition studies of Kunc and Soon!?2%. The model
is implemented by introducing the upper level states of both
oxygen and nitrogen as two new species in the thermodynamic
and chemical modeling of the fiow, and allowing the relative
nonequilibrium between all three species (ground, excited, and
ionized)to be calculatedas part of the flow field. Results from this
method®S indicate that while the second order method predicts
less upper state deviation from equilibrium than the first order
method, the two methods predict total radiation fluxes in close
agreement and similar in spectral variance. Since the second
order method suffers from being numerically stiff due to the fast
chemical rates for ionization of the excited states, the first order
method is more suitable for everyday calculations.

As in most equilibriumn radiation analysis, the absorption
coefficients used by RADICAL are calculated using radiative
cross sections which have been evaluated in termns of the total
species population density as opposed to the population of
the particular states involved. Thus, a Boltzmann electronic
state population is explicitly assumed. Also for equilibrium,
the radiative source function reduces to simply the black body
function. From the true nonequilibrium absorption and source

functions?! it can be shown® that the equilibrium values can be

.corrected for 'TNE by factors determined from the ratio of actual

state populations to state populations predicted by Boltzmann
equilibrium. These LTNE correction factors are easily determined
from the flow field solution and applied to the internal radiation
calculations of RADICAL. This method of LTNE comection is
common to both of the radiative nonequilibrium models described
above.

The radiating molecular bands modeled by Nicolet in the
RADICAL package include the contributions from N5,0,,NO,
and N2*, with the later two species being the largest radiators.
While this research has mainly concentrated upon the develop-
ment of methods for atomic LTNE, it was desired to have some
reasonable means for also estimating the molecular LTNE effects
for the above species. A simple model bad been developed by

Carlson et al.}? using arguments similar to the first order atomic
LTNE model. However, due to the more complex methods of

vibrational and electronic excitation in molecules and since most -

molecules do not show a decisive split in the energy states of
ground and excited states this method was subsequently consid-
ered to be too approximate. Instead, the quasi-steady state method

(QSSM) of Park® has been used. The basic assumption of this
method is that given the total species number densities of aloms
and molecules from a gasdynamic solution, the excited state pop-
vlations of the molecules can be calculated by balancing the rates
of excitation and de-excitation through electron collisions, heavy
particle collisions, and spontaneousradiative emissions (radiative
absorption is not included). This method typically predicts that
the N2* molecule is never far from being in Boltzmann equilib-
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riumn and thus may overpredict the amount of molecular radiation
at lower flight spccdss.
tion is also very strongly influenced by the chemical dissociation
model and the QSSM method suffices until there is more experi-
mental verification of the currently available models.

However, the level of molecular radia-

Radiation-Gasdynamic Coupling

To account for the loss or gain of energy from the flowfield
due to radiative effects, additional terms must be added to the
governing energy equations. For the global energy equation, this
process is straight forward since it is obvious that any change
in the local radiative energy flux must come from some form of
gasdynamic energy. The total flux quantity, V¢,, is thus added
as a scalar property into the global energy equation.

If all the processes of radiative emission and absorption are
considered, it is seen that portions of the total flux are being
absorbed or emitted as: chemical energy in the breaking of bonds
{photo-ionization and photo-dissociation), electronic energy state
transitions, excess ionization energy imparted to freed electrons,
free-free electron energy, changes in vibrational energy states,
and changes in rotational energy states. These effects are listed in
order of magnitude for radiation associated with very high speed
reentry such as lunar or Martian return where atomic radiation
dominates and radiative-gasdynamic coupling is very important.
At lower velocities such as those for the AFE, molecularradiation
dominates and the first source (chemical bonding energy) may be
much less than the other sources. The magnitude of radiative-
gasdynamic coupling is also much less important at the lower
velocities. The last two sources potentially affect the vibrational
and rotational energy although they are generally not included by
investigators.

The fraction of the tota] energy flux not expended in
breaking chemical bonds should ‘'be accounted for as a loss
or gain of electron-electronic energy. To do this, however,
requires a detailed accounting in the radiation transport model
of each contributing process and the associated radiative cnergy

flux. Such an effort was made by Stanley and Carlson®2
their consideration of hypersonic precursor effects. A review
of their work shows the great difficulty involved in extracting
photo-ionization rates out of the radiation calculation even when
only considering a simplified radiative model. The extensive
numerical considerations which would have to be made in order
to include photo-lomzauon processes and to properly model the
gain or loss of electron-electronic energy are beyond the scope of
this work. Further, the total effects of includin g these phenomena
is not considered important at the conditions to be considered
but may have some applicability to-higher altitude, Jower density
flows.

Discussion of Results

Results have been obtained using the above analysis method
for a wide range of nonequilibrium flight conditions as shown in
Table I. The altitudes selected for analysis were 70, 75, and 80 km
for which the corresponding freestream densities are 8.753E-5,
4.335E-5, and 1.995E-5 kg/m3, respectively. Over this range,
the flowfields vary from being predominately in chemical and

Alt. | Rnose | Vel. A Q. Qr

(km)| (m) |(km/sec)| (cm) |(W/em?)|(W/cm?)
80 | 23 9 [13.51] 875 1.55
80 | 2.3 10 |13.95| 160 4.12

80 | 23 12 1231} 36.0 27.8
80 | 23 14 10.70 | 64.1 90.1
80 | 2.3 16 9.66 | 978 - | 197.
75 | 23 9 12.03 | 135 2.30
75 | 2.3 10 12.54 | 247 8.83
75 23 12 11.17 | 550 834
75 | 2.3 14 9.74 | 973 265.
75 | 23 16 8.73 | 151. 560.
70 | 23 9 11.27 1 264 3.60
70 { 2.3 10 11.83 | 430 212
70 | 2.3 12 10.70 | 88.8 216.

70 | 23 14 9.42 | 153. 644,
70 | 23 16 8.52 | 227. 1296.
75 1.0 9 6.09 | 215 1.80

75 | 1.0 10 6.28 | 393 5.10
75 1.0 12 552 ] 851 45.1

75110 14 4.82 | 150. 169.
75 1 1.0 16 4.34 | 226. 368.
75 | 0.5 9 346 | 34.0 1.08
75 | 05 10 349 | 526 272
75 | 05 12 3.23 | 128. 254
75 | 05 14 2.79 | 223, 98.0

75 | 05 16 2.54 | 340. 237.

Table I: Summary of Cases and Stagnation Results

thermal equilibrium to having large regions of nonequilibrium.
This variance is shown by the temperature and mole fraction
profiles in Figs. 1 and 2 for a flight velocity of 16 km/sec and
altitudes of 70 and 80 ki, respectively. At 70 km, the profiles
indicate that equilibrium exists for approximately 85 percent of
the shock layer although a slight gradient in both temperature and
species concentration exist due to radiative cooling. By contrast,
at 80 km only 65 percent of the shock layer is in equilibriumn,
and the nonequilibrium region near the shock front has almost
tripled in size to one quarter of the standoff distance. The

lower altitude represents a practical limit to the applicability of

nonequilibrium analysis methods due to the numerical stiffness -
of most chemical nonequilibrium models. In fact, the solution
at 16 km/sec and 70 km without radiative cooling could not be
obtained due to numerical oscillations in the equilibrium region.
Similarly, the altitude of 80 km may represent a practical limit
for the applicability of continvum methods or at least shock fitted
methods such as VSL due to the thickening of the shock itself as
density decreases further. -
The velocities selected for study ranged from 9 to 16
km/sec. The higher speed, 16 km/sec, is near the maximum
reentry velocity of missions and configurations currently being
considered. As seen in both Figs. 1 and 2, equilibrium ionization
is almost 50 percent at this speed and almost no molecularspecies



exist outside the shock front nonequilibrium layer. The radiative
spectra at this speed is correspondingly dominated by atomic
radiation processes as shown in Fig. 3. The lower part of this
figure shows the actual detailed spectral content of the radiation
incident upon the wall. The upper plot makes use of the internal
line groupings in RADICAL to combine the total contributions of
closely grouped lines and, due to the linear axis, is more indicative
of the actual contribution of various spectral regions. Almost all
of the radiation from molecules lies in the range of 2-4 ¢V and
is obviously a small contribution to the total at this speed. By
contast, at 9 km/sec the flow is ionized by less that 0.5 percent
and the molecular nitrogen population is significant throughout
the shock layer as seen in Fig. 4. The comresponding radiative
spectra at 9 km/sec (shown in Fig. S) consists almost solely of
molecular radiation. Thus, this speed represents a lower limit for
the need of an atomic nonequilibrium radiation model which is
the main thrust of the author’s work.

All the the bodies considercd were 60°sphere cones with
nose radii ranging between 0.5 and 2.3 m. The upper value
corresponds to the well reported AFE configuration while the
Jower was selected as a reasonable minimum radius for a
nonablating surface, although, as the results show, convective
heating at most of the higher velocities would probably dictate the
use of ablating materials. The flowfield model does not currently
have a ablating surface capability, nor have the authors made
any atternpt to include typical ablation products in the radiation
analysis, although the original RADICAL analysis does include
many.

All the results which will be shown were calculated as-
suming a nonablating, radiative black wall surface at a fixed
temperature of 1650°K. This temperature is a reasonable maxi-
mum temperature for the next generation, reusable, heat shield
material. The gas mixture modeled was an eleven component
air mixture using the chemical reaction set shown in Table II.
The wall is assumed to be noncatalytic with respect to molecular
recombinations, but catalytic to ionic recombinations. This is

consistant with the properties of reactive cured glass (RCG) type

“ surface materials. The diffusion model used is a constant Lewis
model approach which yields results in good agreement with a
full multi-componentdiffusional model developed by the authors
as mentioned earlier.

The computational grid included 99 points betwccn the fitted
shock and the wall with clustering of grid points to both the shock
front and wall thermal boundary layer. Downstream marching
was performed using a step of AS=0.1 of the nose radius and
was continued to a value of S/ Rnose=1.1. Note that the sphere-
cone junction occurs at S/ Rnose=0.524 and at the last point,
only the inner viscous boundary layer region was subsonic. To
avoid numerical difficulties associated with the surface curvature
discontinuity at the sphere-cone junction, a joining function was
included which smooths the curvature jump out over the adjacent
streamwise step locations. The funclion used is:

5]

The factor W controls the extent of smoothing; a value of 12 was
used in the calculations.

x:l-l-—atan {( l
2

Reaction A B E
1| Ng+M1=N 4N +Mi1| 3.00 x10?2 -1.6 | 113200
2| Np+M2=N 4N +M2| 7.00 x10%! -1.6 | 113200
3] 02¢M1 =0 40 +M1| 1.00 x10%? -1.5 59500
4] 024M2=0 +0 +M2| 2.00 x10%! -1.5 59500
S| NO+M3=N +0 +M3| 1.10 x10'7 0.0 75500
6] NO+M4 =N +0 +M4}| 500 x10'® 0.0 75500
71 O+e” =0F 4e™ +e~ | 6.35 x1015 0.0 | 106200
8] N+e~ =NT 4¢= +¢ | 508 x1016 0.0 | 121000
9INO+0 =N +0, 8.40 x1012 0.0 19450
10[ Np+O =NO +N 6.40 x107 -1.0 38400
11| Ng+e™ =N 4N +e~ | 3.00 x10%4 -1.6 | 113100
2] N+O =NOt+e™ 5.30 x10'2 0.0 31900
13| N+N =Npt4c™ 2,00 x103 0.0 67500
14NOT+0 =NT +0; 1.00 x10'2 05 77200
15| Nt+Ny =Ngt +N 1.00 x10!2 0.5 12200
16| 0t +NO =Nt +0, 1.40 x10% 19 26600
17NOT+N =01 +Ng 3.40 x10'3 | .1.08 12800
18| 0t+N; =Nt 40 9.10 x10!! 036 22800
19INOt+N =Nyt +0 7.20 x 1013 0.0 35500
0] 040 =0,% +¢~ 1.10 x 1013 0.0 80600
2110,F+N =N 40, 8.70 x 1013 0.14 28600
02{02 +Ng =Nat 40, 9.90 x 1012 0.0 40700
p3lo,t+0 =01 10, 400 x10'? | .0.09 18000
D4 NOt +0q =051 +NO 230 x10** | o041 32600
Ds NOt+0 =051 +N 7.20 x 1012 0.29 48600
D6] N +M5 =NT 4+¢~ +MS| 234 x10!! 05 | 120000
Rates in the form k¢ = A T2 exp(-E/T).
T = Te in clectron impact reactions.
M1 =NNt 00t
M2 =Ng,N2+,0,,0,1 No,NOt
M3 =NNt.0,0t NO
M4 =Nz ,N;t,0,,0,F Not
M5 =N,N*t

Table II: Reaction System for Air

Stagnation Point Results

The stagnation point solutions for shock standoff distance,
convective heat flux and radiative beat flux to the wall are included
in Table I and shown graphically in Figs. 6-8. Results obtained

by Sutton and Hartung® for equilibrium radxatlvcly coupled
shock layers are presented in Table Il for comparison. The
equilibrium results were linearly interpolated by density from the
altitudes considered in Ref. 23. The stagnation standoff distances
(Fig. 6) show a local maximum near 10 km/sec as has been
seen in the equilibrium results. This maximum roughly divides
the flight regimes for which molecular dissociation dominates
the flow field (below 10 km/sec) from that for which ionization
processes dorninate (above 10 km/sec). The standoff distances
themselves compare well with the equilibrium results but are
consistantly higher as would be expected. The smallest difference
isapproximately 10 percent for the lowest altitude and largest nose
radius. The difference increases with both increasing altitude and
decreasing nose radius due to the larger extents of nonequilibrium
in the shock layer with both changes.
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Alt. | Rnose| Vel A Qr
(km)| (m) |(km/sec)| (cm) |(W/cm?)
80 23 9 9.74 0.11
80 | 23 10 [1024| 371
80 23 12 9.39 36.0
80 23 14 8.56 110.
80 23 16 7.93 242,
75 23 9 9.90 0.43
75 | 23 10 {1045 | 11.45
75 2.3 12 9.53 106.
75 | 23 14 8.59 | 314.

75 |1 23 16 783 | 649.

70 | 23 9 10.08 1.37
70 | 23 10 10.65 | 28.7
70 | 23 12 9.67 | 258.

70 | 23 14 8.61 | 734.

70 | 2.3 16 7.75 | 1454.
75 | 1.0 9 4.30 0.20
75 | 1.0 10 4.56 6.86
75 | 1.0 12 4.23 71.8
75 | 1.0 14 3.88 | 227.

75 1 1.0 16 3.63 | 489.

75 | 05 9 2.15 0.11
75 105 10 229 430
75 105 |- 12 2.14 ] 490

75 | 05 14 1.99 | 162.
75 | 05 16 1.89 | 358.

Table III: Equilibrium Results from Ref. 23

It is of note that while the shock standoff distance is
proportional to nose radius in equilibrium flows, the current
noneduilibrium results do not show this simple dependancy. At
75 km/sec altitude, a good approximation to the relation between
A and Rnose at a constant velocity is given by:

(3) oo ()

Az Rnoseg

However, insufficient data was generated to detemine if this
relationship is valid for a wider range of nose radii or how this
functionality varies with freestream density.

In Fig. 7 the calculated conductive beat transfer to the wall
at the stagnation point are presented. The convective heat transfer
shown is the sum of the heat fluxes due to conduction and due
to catalysis of the ionic species at the surface. As expected,
as density or velocity are increased, total energy flux in the
shock layer increases and the wall heating rate rises, although

not in direct proportion. Also, as the nose radius of the body is

decreased, the convective heat rate increases due to the thinning
of the thermal and viscous boundary layers on the body.

An attempt was made to curve fit the entire convective heat
transfer results as a single power function of density, velocity and
nose radius using a least squares technique. Examination of the
curve fit results showed that a better fit for the upper velocities
could be obtained by leaving the 9 km/sec data out of the process.

The variation of beating with velocity apparently cxperiences
a functional change at around the 9 - 10 km/sec range, much
like what was seen for the standoff distance. This change could
be due to the additional effect of ionic catalytic heating which
accompanies significant jonization of the shock layer flow, i.e.
above 10 km/sec. The final suggested fit is:

Qc — 115.3p0'553V2'36R;3,'340(1 . hw/hoo)

The calculated convective heating values are shown reduced by
this function in Fig. 9. The curve fit is seen to reproduce the
original data to within 6 percent at all speeds, and within 3 percent
for the velocities above 10 km/sec.

The calculated stagnation point radiative heat fluxes to the
body surface are shown in Fig. 8. As with convective heating,
the radiative heating is seen to increase with both increasing
density and velocity. The reasons for increase are more complex,
however, and are closely tied to the equilibrium temperature,
density, and composition of the gas mixture behind the shock
front. Also, since the total radiative flux depends upon the
thickness of the radiating gas layer, the wall radiative flux
decreases with decreasing nose radius since the shock standoff
distances also decrease. Because of the complex dependancy of
the factors influencing the radiative heating, all attempts to curve
fit the calculated results with simple functions of density, velocity
and nose radius resulted in approximations with unacceptable
€rTorS.

The comparison of nonequilibrium and equilibrium radiative
heating rates in Tables I and ITf shows that the nonequilibrium re-
sults are mostly below that predicted by equilibrium. This would
notbe the case if the atomic LTNE corrections were not beingused
to reduce theé radiation from the thermal nonequilibrium region
where the clectron temperature reaches its maximum. The ex-
ceptions to this trend are all the 9 kan/sec cases and the 10 km/sec
case at 80 km; these are the cases which are most dominated by
molecular radiation. The conclusion from this is that the current
method does predict an added molecular radiative contribution
from the thermal nonequilibrium regions. However, a conclusion
reached in Ref. 5 from the comparison of predicted to measured

Fire 22* results was that the current QSSM method for molecular
LTINE prediction may in fact be over estimating the amount of
molecular species equilibrium and thus the amount of molecular
nonequilibrium radiation. Thus, the enhanced nonequilibrium
radiation at lower speeds may be in error.

It is of interest to note the impact of radiative cooling on the
results. To show this, the radiative heating data in Table I which
were obtained with radiative cooling are plotied againt the similar
results without radiative cooling in Fig. 10. The dashed line in
this figure has a slope of one. Thus, all the data points would lie
on this line if radiative cooling did not affect the solution. The
gradual departure of the data from this line indicates the increasing
impact of radiative cooling on the final results. Table IV provides
a tabulation of the radiatively uncoupled results for stagnation
standoff distance, convective heating and radiative heating. The
last column of this table are equilibrium data obtained by linear
interpolation by freestream density of the results in Ref. 23. In



Alt. | Rnose!  Vel. A Q. Q

(km)| (m) |(km/sec)| (cm) [(W/em?)|(W/em?)
80 2.3 9 13.59 8.79 1.53
80 2.3 10 14.15 175 4.75

80 | 23 12 12.66 | 41.7 314
80 | 2.3 14 1133 | 768 114,
8 | 23 16 10.68 | 118. 27s.
75 | 23 9 12.14 | 140 2.56
75 | 23 10 12721 274 11.2
75 | 23 12 11.79 | 654 114,

75 | 2.3 14 10.76 | 123. 405.
75 | 23 16 10.38 | 185. 1008.
70 | 23 9 11.32 | 26.2 3.41

70 | 23 10 12.00 | 455 27.2
70 | 23 12 1132 | 98.8 319.
70 | 23 14 10.82 | 171. 1165.
70 | 23 16 - - -
75 1.0 9 608 | 21.0 1.64
75 1.0 10 6.26 | 38.6 4.69
75 | 10 12 5571 934 50.9
75 1.0 14 5.13 | 175. 217.
75 1.0 16 4.81 | 267. 514.

75 | 05 9 347 | 340 1.03
75 | 05 10 353 | 533 277
75 | 05 12 3.29 | 137. 26.8

75 | 05 14 2.83 | 245. 112,
75 | 05 16 2.68 | 387. 291.

Table IV: Summary of Radiatively Uncoupled Results

general, the effect of radiative cooling is to reduce all three of
these variables. The results in Table IV were not converged to the
same shock shape criteria as the radiative coupled data and thus
there appear to be some discrepencies between Tables I and IV;
in particular, some of the lower speed cases falsely indicate that
the standoff distance and/or the heating rates increased with the
addition of radiative cooling.

Nose Region Solutions

The variations of shock standoff distance, convective heat
flux and radiative heat flux with distance along the body are
shown in Figs. 11 through 13. The data in this figures have
been nondimensionalized by the values at the stagnation point
for each case in order to reduce all the data to a comparable
scale. The data have also been grouped by flight velocity which
provides the best comparison of related data. From the plots of
shock standoff distance it is seen that the shock shape in the nose
region is relatively unaffected by nose radius or altitude effects
while a variation with velocity is noticable, but not dramatic.
Interestingly, the greatest relative rate of growth of the standoff
distance occurs for the 12 km/sec cases. Since the component

of velocity normal to the conical body at 12 km/sec is 10.39
km/sec, the maximum growth at this speed may be related to the

maximum in stagnation point standofT distance which was seen to
occur near 10 km/sec. Also, the greatest scalter in data occurs for
the 10 km/sec cases, but the reason for this behaviour is unclear.
This scatter does however have an impact on the radiative heat
fluxes as will be seen below.

With the exception of the 9 km/sec cases, the convective
beating data shown in Figs. 12 all reduce 10 a narrow distribution
range, although there is a slight trend for the smallest nose radius
results to show a greater value in the aft regions. This trend is
probably due to the merging of the shock front nonequilibrium
layer with the thermal boundary layer as the standoff distance
decreases. The data for the 9 kin/sec are all noticably higher in
the aft regions then that seen for the other velocities. This higher
relative heating may be due to either a lack of significant catalytic
heatingor to a consistant merging of the shock and thermal layers
at this speed. The oscilations in the profiles around S/ Rnose
= 0.6 in all cases is due to both the smoothing of the surface
curvature near the sphere-cone junction and numerical problems
with the solution when the curvature varies too greatly.

Finally, the downstream variations of radiative flux are
shown in Fig. 13. Forward of the sphere-cone junction, the
trends for each velocity are relatively consistant but the amount
of radiation decrease between the stagnation point and juncture
decreases with increasing velocity. A noticable exception to this
is the highest radiation flux case (16 km/sec at 70 km) which has
a trend significantly different from the other cases at the same
velocity. The altered variation for this condition is most likely
due to the large amount of radiation cooling which also occurs.
Aft of the junction, the radiation flux increases in almost all the
cases due to the growth of the shock standoff distance and thus the
thickness of the heated gas layer. Also, in the aft region a much
larger difference exists between the data for each velocity. Here,
the general trend is for the relative amount of aft radiation to be
higher for lower densities and smaller nose radii. The greatest
difference between cases is seen for the 10 km/sec case which
as noted above also had the greatest difference in shock standoff
distance variations. As may be expected, the thicker shock layers
correspond to the higher heat fluxes, but why this wide difference
occurs at this velocity is unknown.

Conclusion

An analysis method which includes such phenomena as vis-
cous effects, chemical nonequilibrium, thermal nonequilibrium,
thermodynamic nonequilibrium and radiation-gasdynamic cou-

pling has been developed for the analysis of flow over re-entry
and aeroassisted flight vehicles. This analysis method has been
used to generate results over the nose region of a 60°sphere-cone
body-at a number of nonequilibrium flight conditions. Compar-
ison of these results with other equilibrium analsis indicates that
the net effect of nonequilibrivm and in particular atomic LTNE
in the shock layer is to reduce the total radiative heat load to the
vehicle surface. There is an indication that at low speeds molec-
ular LTNE may enhance the nonequilibrium radiation, but these
results are currently in question.
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